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ABSTRACT
HEDGEHOG SIGNALING (Hh/GLI) REGULATES ZEBRAFISH
HYPOTHALAMIC PROLIFERATION
MAY 2020
IRA MALE, B.S., WORCESTER STATE COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Rolf O. Karlstrom
The hypothalamus is the central regulator of a diverse homeostatic processes that are
essential for the survival of the animal. Recently, the hypothalamus has been shown to
be a neurogenic zone in many animal species including mice, zebrafish, sheep and
potentially even humans with hypothalamic neurogenesis implicated in energy
metabolism, stress, anxiety and reproduction. However, the identification of the
cellular components and the signaling mechanisms regulating hypothalamic
neurogenesis are only beginning to be elucidated. My dissertation research elucidates
the role of Hh signaling in regulating hypothalamic neurogenesis throughout life. The
first chapter of the dissertation offers a survey into the field of neurogenesis with a
focus on up-to-date information about hypothalamic neurogenesis. Chapter two
demonstrates the role of Hh signaling in the ventral forebrain proliferation. More
specifically, we reveal for the first time, that Hh signaling is necessary and sufficient
for regulating hypothalamic proliferation rates throughout life. Additionally, we show
Hh-responsive radial glia as multipotent neural progenitors giving rise to
dopaminergic, GABA-ergic and serotonergic neuronal lineages with Hh signaling
being both necessary and sufficient for regulating larval serotonergic cell numbers.
Chapter three of my dissertation focuses on a detailed description of the proliferative
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rates of five progenitor cell types present at the hypothalamic lateral (LR) and
posterior (PR) recesses. We show that approximately, 60% of Hh-responsive cells in
the PR were PCNA positive compared to approximately 20% of Notch-responsive
cells and 10% of Shh-producing cells and no proliferative Wnt-responsive. These
analyses reveal striking differences in the proliferative profiles among radial glia in the
posterior recess with Hh-responsive cells representing a much more proliferative
population that may account for the majority of hypothalamic growth in the larval
stages. Lastly, chapter four of the dissertation offers a synthesis of the
hypothalamic neurogenesis with a focus on the heterogeneity of the neural
progenitor types on this brain region. Taken together, my dissertation work reveals
a novel role for Hh signaling as a key molecular regulator of hypothalamic
proliferation in the zebrafish hypothalamus and provides a foundation for future
studies of a mechanism of action.
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CHAPTER 1
INTRODUCTION
Neurogenesis and Neural/Progenitor Stem Cells (NSCs)
Neurogenesis in the central nervous system (CNS) persists throughout life and is central
to maintaining the brain’s structural and functional plasticity. This concept of adding new
neurons was first discovered in 1960’s with the development of the cell [H3]-thymidine
incorporation assay that labeled newly generated neurons in the CNS of adult rats (Altman
and Das, 1965; Altman 1969). Since then, several new technologies such as the synthetic
thymidine analogs 5- bromo-2’-deoxyuridine (BrdU) and 5-ethynyl-2’-deoxyuridine
(EdU), along with proliferative cell nuclear antigen (PCNA), have helped not only
confirm the existence of adult neurogenesis, but also made possible multiple
subpopulations of newborn neurons to be analyzed in the same animal thus, greatly
expanding our understanding of adult neurogenesis (Bond et al., 2015).
Neurogenesis occurs in both the embryonic and adult vertebrate brains (Gage, 2000; Ming and
Song., 2005). In the early developing mammalian brain, neuroepithelial-like (NE) and radialglial (RG) cells orchestrate brain expansion from embryonic development until birth, whereas
postnatally, NE are absent and RG are found in a quiescent state [( Kriegstein and AlvarezBuylla, 2009) Fig 1].
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Figure 1.1. Schematic of neuronal generation and migration during mouse
development. (A) Figure is adapted from Lindsey et al., 2018 that is a simplified version
of (Kriegstein and Alvarez-Buylla, 2009) and (B) Alexandre et al., 2010. The schematic
shows the glial origin of adult neural stem cells. In the embryonic stages, neuroepithelium
cells (NECs) undergo symmetric division to generate more NECs. As the brain grows
these NECs undergo morphological changes and become radial glial (RG) cells. The RG
cells self-renew and divide into intermediate progenitors at the time of birth. Later, these
RG cells give rise to different cells such as neurons, astrocytes, ependyma cells that go on
and populate the brain. (B) Time-lapse images of embryonic zebrafish radial glial cells
labeled with the neuronal marker H2A HuC:GFP proliferating and undergoing division.

The RG then serve as embryonic progenitor/stem cells (Obernier and Alvarez-Buylla.,
2019). These cells have two essential characteristics of neural/progenitor stem cells
NSCs: self-renewal and multipotency. In the adult mammalian brain, stem cells exist in
two main regions; the ventricular-subventricular zone (V-SVZ) of the lateral ventricles
and the subgranular zone (SGZ) of the dentate gyrus of the hippocampus (Kempermann
et al., 1997b; Kuhn et al., 1996; Doetsch, 2003; Obernier and Alvarez-Buylla, 2019).
The NSCs located in the V-SVZ, are generally termed type B cells (also known as
radial glia-like cells, neural progenitors, or type 1 progenitors), are morphologically
similar to RG because they contact the cerebrospinal fluid (CSF) with their apical
ending and extend their basal process toward the vascular system to support the
neurogenic niche (Gotz et al., 1998; Doescht et al., 1999; Lim and Alvarez-Buylla.,

2

2014). These cells are mostly quiescent in vivo (Morshead et al., 1994), but upon
activation by different signaling cues they go on to give rise to transit-amplifying
progenitors (termed “type C” cells). The type C cells then proliferate to generate the
committed neuroblasts (type A cells) that migrate along the rostral migratory stream
(RMS) to reach the olfactory bulb where they differentiate into interneurons (Fig 1.2)
(Malatesa et al., 2008; Zhao et al., 2008; Doestch et al., 1999; Seri et al., 2004; Sun et
al., 2015; Lim and Alvarez-Buylla., 2014). Similar to the V-SVZ, the NSCs of SGZ
transition from quiescent or type 1 cells (expressing Nestin and GFAP) to a non-radial
precursor known as the type 2 cells (do not express GFAP). Type 2 cells generate
neuroblasts (type 3 cells) before differentiating into hippocampal granule cells (Ming
and Song., 2011; Seri et al., 2004; Shin et al., 2015; Zhao et al., 2008; Artegiani et al.,
2017) (Fig 2).
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Figure 1.2. Neurogenesis in the adult mammalian brain.
(A)Figure adapted from Lazarov et al., 2010. Schematic of a sagittal section through and
adult mouse brain showing the two major neurogenic zones, the ventricularsubventricular zone (V-SVZ) of the lateral ventricles, left of the schematic and vertical,
and the subgranular zone (SGZ), horizontal, of the dentate gyrus in the hippocampus. In
the SVZ the progenitor/neural stem cells are quiescent but slowly proliferating radial
glia, or type B cells. Their cell bodies line the ependymal cell layer while their processes
are projected into the ventricles to contact the vasculature. Once activated, type B cells,
divide and amplify and give rise to transit-amplifying progenitors called Type C cells.
These rapidly proliferating C cells then divide and produce type A neuroblasts that exit
the SVZ to enter the rostral migratory stream (RMS) and migrate towards the olfactory
bulb (OB). Different markers, as seen in the schematic, help differentiate these cells
types as they progress from type B to type A.
Radial glia-like NSCs (Type I) cells reside in the SGZ, and extend their processes through
the granule layer of the dentate gyrus. Once activated, they undergo asymmetric divisions
to generate type 2 cells that represent an intermediate progenitors, transit amplifying
group of cells. These type 2 cells are further separated into type 2a and type 2b based on
the molecular markers expressed. Type 2b then give rise to type 3 neuroblast and expand
their pool. Once type 3 cells exit the cell cycle, they enter the post-mitotic phase where
they start to branch out their processes and undergo neuronal differentiation. The newly
4

mature neurons extend their dendrites and axons into the molecular layer of the dentate
gyrus thus, integrating into existing hippocampal circuitry.

The V-SVZ and SGZ are the most studied neurogenic zones, but recently the
hypothalamus has also been described as a neurogenic zone in vertebrates (Sousa-Ferreira
et al., 2014). Neurogenesis is not known to play a role in adult hypothalamic function, yet
the cell-cell mechanisms regulating neurogenesis remain poorly understood. As the
hypothalamus is the most highly conserved region of the vertebrate brain, both
molecularly and functionally (Xie and Dorsky., 2017); understanding the molecular
components regulating hypothalamic neurogenesis is of particular interest.
Adult Hypothalamus as a Functional Neurogenic Zone
The hypothalamus is one of the most phylogenetically conserved regions of the
vertebrate brain. It functions as a central regulator of homeostasis by controlling
metabolism, circadian rhythms, body temperature and feeding among other functions
(Burbridge et al., 2016). Emerging evidence suggests that the mammalian hypothalamus
is also a neurogenic region that shares many key characteristics with the more wellknown neurogenic regions of the mammalian brain, the V- SVZ and the SGZ (Yoo and
Blackshaw., 2018). Vertebrate neurogenesis occurs in the ventricular regions of the
hypothalamus that house NSCs, similar to V-SVZ and SGZ, specifically in the medial
part of the 3rd ventricle wall and the ventral part of the 3rd ventricle wall called the
median eminence (ME). The newly born neurons originating in the ME migrate to

the

hypothalamic parenchyma where they incorporate into the appetite circuits (Xu et al.,
2005; Haan et al., 2013; Werner et al., 2012). Changes in hypothalamic neurogenesis can
have a large impact on the physiology of an animal because the hypothalamus is a central
5

regulator of homeostasis by controlling metabolism (Kokoeva et al., 2005; 2007), energy
balance (Pierce et al., 2010; Lee at al., 2012) and anxiety (Xie et al., 2017). Adult-born
neurons in the hypothalamus are reported in rodents (Yoo and Blackshaw., 2018)
zebrafish (Wang et al., 2012), sheep (Migaud et al., 2010) and likely humans (Pellegrino
et al., 2018)(Fig 3).

B

A
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Dec

3V

3V

3V

Figure 1.3. Schematics of the presence of hypothalamic proliferation in different
vertebrates. This figure is adapted from (A) Kokoeva et al., 2005, (B) Migaud et al.,
2011, and (C) Pellegrino et al., 2018. (A) A representative coronal section through the
ventricle region of a mouse hypothalamus showing the presence of BrdU positive labeled
cells (red dots). Each dot represents one BrdU positive cell. (B) Representative coronal
sections showing the different proliferative rates between July (upper panel) and December
(lower panel) in the hypothalamic (3rd) ventricle, with higher proliferation rates being
observed in December than July, as assayed by BrdU incorporation. Each dot represents
one BrdU positive cell. (C) Proliferation along the third ventricle of an adult human
hypothalamus. White arrows point to proliferative cells immunolabeled with Ki67, a cell
cycle marker. Nuclei are counterstained with Hoechst. 3V: third ventricle.
In mammals, these newly born neurons are generated from radial glial-like cells called
tanycytes, which are the hypothalamic NSCs (Lee and Blackshaw., 2014). Tanycytes
retain the long radial processes that extend from the ventricular lumen towards the pial
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surface, a morphological feature that is characteristic of radial glia (Lam et al., 2009).
Unlike in the mammalian hypothalamus, tanycytes persist into adulthood in many regions
of the zebrafish CNS, including the hypothalamus (Than-Trong and Bally-Cuif, 2015).
Adult neurogenesis is now linked to normal hypothalamic function. For example, mice
subjected to intracerebroventricular (i.c.v.) infusion of ciliary-derived neurotropic
factor (CNTF) (Fig 3A) show an increase in the number of proliferative
hypothalamic cells as assayed by BrdU incorporation (Kokoeva et al., 2005). This
increase in hypothalamic proliferation is followed by weight loss in obese adult
mice (Kokoeva et al., 2005). However, infusion with the antimitotic drug
arabinofuranosyl cytosine (AraC) eliminated these CNTF effects on metabolism
(Kokoeva et al., 2005) by degenerative loss of individual subtypes of hypothalamic
neurons (Pierce and Xu, 2010), highlighting the functional relevance of hypothalamic
proliferation. In sheep, a seasonal change in hypothalamic proliferation is reported to be
linked to circadian rhythms and yearly reproductive cycles (Migaud et al., 2010) (Fig 3B)
whereas in zebrafish perturbance of hypothalamic proliferation rates are associated with
anxiety and stress (Xie et al., 2017). Lastly, in rats, inhibition of hypothalamic cell
proliferation can suppress the luteinizing hormone surge necessary for stimulating
ovulation (Mohr et al., 2017). These examples show that changes in cell proliferation rates
in the hypothalamus appear to contribute to hypothalamic function and plasticity
throughout life. However, the molecular players regulating adult neurogenesis in the
vertebrate hypothalamus remain to be elucidated.

Role of Conserved Signaling Pathways in Neurogenesis
Several studies (Kizil et al., 2012), (Faigle and Song, 2013) have now shown that distinct
7

developmental signaling pathways play important roles in neurogenesis of both the
embryonic and adult brains of mammals and fish (Anand and Mondal, 2017). The
Notch signaling pathway is a highly conserved signaling pathway implicated in the
maintenance of telencephalic progenitor/neural stem cells (B cells, type 1 or quiescent
stem cells) in the telencephalon of mice and zebrafish (Imayoshi et al., 2010;
Chapouton et al., 2010). In the adult hippocampus Notch is required for the expansion
and self-renewal of Nestin-expressing cells in the adult SGZ in vitro and in vivo (Ables
et al., 2010). Thus, Notch is required to maintain a pool of undifferentiated progenitor
cells that are necessary for adult neurogenesis. Bone morphogenetic protein (BMP) plays
an inhibitory role in adult neurogenesis by keeping cells in a quiescence state (Mira et
al., 2010; Choe et al., 2016), suggesting that BMP signaling is required for the
maintenance of neurogenesis. Several members of the fibroblast growth factor (FGF)
family have also been shown to maintain progenitor cell proliferation in mammals. For
example, targeted deletion of FGFR1 causes defects in embryonic cell proliferation and
embryonic lethality (Deng et al., 1994; Ciruna et al., 1997). Whereas intraventricular
delivery of FGF2 increases proliferation within the adult SVZ and FGF2 null mice show
significant reduction in cortical progenitor cell proliferation (Raballo et al., 2000). In
zebrafish, FGF has been shown to regulate cerebellar and telencephalic progenitor
proliferation (Kizil et al., 2009; Ganz et al., 2010). Another important pathway that has
been implicated in playing multiple roles in neurogenesis is Wnt/ β-catenin signaling
(Choe et al., 2016). In mice, the use of a destabilized β-catenin results in progenitor cells
remaining in the cell cycle longer and exiting less frequently, causing an enlarged central
nervous system (CNS) (Chenn and Walsh., 2002). In contrast, ablation of β-catenin
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results in an overall decrease size of the nervous system (Zhechner et al., 2003). Studies
in both adult mammals and zebrafish show a conserved role for Wnt signaling as both an
activator of neurogenesis initially and later as an inhibitor of neuronal differentiation
(Mutch et al., 2010; Wang et al., 2012). Another major signaling pathway known to
affect neurogenesis is Hedgehog signaling. In the dorsal mammalian brain,
overexpression of Shh in the hippocampus resulted in an increase in progenitor
proliferation whereas pharmacological inhibition of Hh signaling with the drug
cyclopamine resulted in a decrease in hippocampal proliferation (Lai et al., 2003).
Additionally, conditional CRE-mediated knock-out of hedgehog signaling via the Shh
downstream mediator Smo, in P15 mice, results in a significant decrease in the
proliferation of progenitor cells in the SVZ as assayed by BrdU incorporation (Machold
et al., 2003). Hh signaling has also been shown to affect both quiescent and transit
amplifying progenitor cells in the dorsal mammalian brain (Ahn and Joyner, 2006).
Moreover, it is shown to also be necessary for stem cell proliferation in the adult dorsal
brain (Stecca and Ruiz I Altaba 2009). More recent studies have shown components of
the Hh signaling pathway present in the mammalian ventral brain (Alvarez-Buylla and
Ihrie, 2014) (Fig 4); however, the role of Hh signaling in the hypothalamus has not yet
been documented.

B
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Figure 1.4. Distribution of Hedgehog (Hh) signaling pathway components and its
receptors relative to the proliferative zones in the adult mammalian brain. This figure
is adapted from (A) Alvarez-Buylla and Ihrie, 2014 and (B) Stecca and Ruiz i Altaba, 2005.
(A) Schematic of serial coronal sections of an adult mammalian brain showing location of
Shh, Smo, and Gli1 expression. Ventricles are highlighted in black. OB: olfactory bulb,
SN: Substantia nigra, V-SVZ: ventricular-subventricular zone, SGZ: subgranular zone of
the dentate gyrus. (B) Schematic of a sagittal section of an adult mammalian brain
showing dorsal proliferative zones in the SVZ, SGz, the cerebellum, the tectum and the
striatum.

Therefore, a major part of my dissertation research focuses on investigating the role of Hh
signaling in regulating hypothalamic proliferation in zebrafish throughout life. My working
hypotheses and predictions are as follows: Hypothesis # 1: Hh signaling positively regulates
hypothalamic neural progenitor proliferation throughout life by acting on Hedgehogresponsive transit amplifying cells (TACs) in the hypothalamic ventricular zones;
predictions: A decrease in Hh signaling should lead to a decrease in the proliferation rates
of hypothalamic neural progenitor cells. An increase in Hh signaling should lead to an
increase in the proliferation rates of hypothalamic neural progenitor cells. The remainder of
my thesis focused on the relative proliferative behaviors of Notch-responsive, Wntresponsive, Nestin-responsive, Hh-source and Hh-responsive radial glial cells present in the
zebrafish hypothalamic niche. My working hypothesis and predictions were:
Hypothesis # 2: As the neural progenitor cells mature, distinct developmental signaling
pathways regulate different stages of hypothalamic neurogenesis; predictions: 1) Type I
cells (quiescent, radial glia) are Notch-responsive cells that express the neurofilament
Nestin and do not express the proliferative marker PCNA; and 2) Notch signaling
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maintains these cells in the quiescence state; 3) Type II cells (activated, dividing radial
glia) are Wnt-responsive cells where a percentage express PCNA and Wnt signaling
transitions these cells to a type III cells. 4) Type III (transit amplifying radial glial) are
Hh-responsive cells that express PCNA, are more proliferative than Type I and Type II
cells and 5) Hh signaling regulates their amplification by increasing the number of Shhresponsive cells. (Model)

11

Figure 1.5 Linear Progression Model for Stem Cell Activity and Amplification in
the Zebrafish Hypothalamus. Type I (quiescent) neural stem cells in the hypothalamic
ventricular zone express the marker Nestin. These cells also appear to be Notchresponsive, and upon downregulation of Notch signaling, they become Type II
(activated) neural stem cells. Type II cells become Type III (amplifying) under the
influence of Wnt signaling while promotes their first division. Shh signaling then
regulates their amplification (Type III) by increasing the number of Shh-responsive
cells. Lastly, Wnt and Shh also regulate differentiation into neuronal and glial lineages
(Kaslin et al., 2009; Schmidt et al., 2013; Wang et al., 2012; Male et al., 2019, in
review).

The Hedgehog (Hh/Gli) Signaling Pathway
The Hedgehog signaling pathway is a key cell-cell communication system active from
embryonic development to adulthood, where it plays a role in adult stem cell maintenance,
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among other functions (Petrova and Joyner, 2014). Therefore, understanding Hedgehog
signaling is imperative to understanding normal animal development and physiology, as
well as pathogenesis. The Hedgehog pathway was first discovered in a forward genetics
screen in Drosophila melanogaster where a “spiky phenotype” on mutant larvae with a
disrupted pattern of denticles on the ventral cuticle was identified in mutant larvae
(Nusslein-Valhard and Wieschaus, 1980). Subsequent studies in mice (Echelard et al.,
1993), zebrafish (Krauss et al., 1993) and chicken (Riddle et al., 1993) were crucial for the
identification of the hedgehog orthologs in other model systems.
In invertebrates such as Drosophila melanogaster there is only one Hh gene,
hedgehog (hh), whereas in vertebrates there are three Hh genes: Sonic Hedgehog (Shh),
Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh) (Briscoe and Therond, 2013). Due to
genomic duplication, zebrafish (Danio rerio) have two Shh homologs (Shha and
tiggywinkle), two Ihh homologs (Ihha and Echidna) and one Dhh homolog (Ingham and
McMahon, 2001). Since the first discovery of Hh, numerous studies have revealed the
critical roles that this evolutionarily conserved cell-cell signaling pathway plays. Shh is a
key regulator in embryonic development, adult tissue homeostasis, maintenance of stem
cell niches and proliferation of progenitor cells in the nervous system (Ahn and Joyner,
2005; Stecca and Ruiz I Altaba 2005; Petrova and Joyner, 2014) with its misregulation
being implicated in birth defects (Roessler et al., 2009) and cancers (Varjosalo and
Taipale, 2008; Briscoe and Therond, 2013).
The Hedgehog ligand undergoes proteolytic cleavage to produce an N-terminal
signaling fragment with dual lipid modification, an N-terminal palmitoyl moiety and a
C-terminal cholesteryl moiety (Porter et al., 1996; Briscoe and Therond, 2013). The 12-
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pass transmembrane protein Dispatched (Disp) in combination with a protein chaperone
are required for the release of the processed Hh protein from the Hh-producing cells
(Ingham and McMahon., 2001; Briscoe and Therond., 2013). A number of factors have
been described as Hh chaperones including, protein Scube 2, a member of the Scube
family of proteins (Zeng et al., 2001), to lipoprotein particles (Panakova et al., 2005) to
membrane vesicles and specialized filopodia (Ramirez-Weber and Kornberg, 1999)
however more remains to be done in order to elucidate what mechanisms different tissues
utilize.
Movement of Hh between Hh-producing cells and Hh-receiving cells is regulated
by numerous factors, including extracellular matrix components such as negatively
charged heparan sulfate proteoglycans (HSPGs) and cell surface proteins such as Cdon,
Boc, Gas1 and Hhip that in addition to regulating Hh spreading, also serve as Hh
coreceptors. In the presence of Hh, signaling is initiated by the binding of Hh ligand to its
twelve transmembrane receptor patched 1, Ptc1. This process is facilitated by the above
accessory proteins, (Okada et al., 2006; Tenzen et al., 2006, Yao et al., 2006, Zhang et al.,
2006; Beachy et al., 2010; Ryan and Chiang, 2012;Allen et al., 2011, Zheng et al., 2010,
Yan et al., 2010) that collectively are necessary for activation of the Hedgehog pathway (
Yao et al., 2006, Zhang et al., 2006; Bangs and Anderson, 2017). This binding relieves
inhibition of smoothened (SMO), a seven-pass transmembrane G-protein-coupled
receptor like protein, with Ptc bound to Hh then exits the cilium, a single microtubulebased projection with a sensory function in most vertebrate cells, for intercellular
communication present in mammals (Varjosalo and Taipale, 2008; Wong and Reiter, 2008;
Bangs and Anderson, 2017) and is degraded while Smo accumulates in the cilium in the
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active form. Smo then initiates activation of the Zinc-finger family of transcription factors,
GLI1-3 family of proteins (Ci in invertebrates; Matise and Joyner, 1999; Huangfu and
Anderson, 2006; Stecca and Ruiz I Altaba, 2009; Petrova and Joyner, 2014) by relieving
their inhibition by the cytoplasmic SuFu factor. Smo, Ptc, and Gli factors localize to the
cytoplasm at the base of the primary cilium where the Gli family of proteins are processed
to both their activator and repressive forms. GLI proteins are phosphorylated in the
presence of fused serine/threonine kinase and Costal-2 a kinase-like cytoplasmic protein.
Activated GLI proteins subsequently enter the nucleus and bind to the promoter of various
cell regulatory genes, either different or partially overlapping Hedgehog pathway target
genes, that culminate with the execution of a specific transcriptional program (i.e. Gli
targets include genes contributing to the regulation of proliferation and differentiation such
as Cyclin D1, D2, E, N-Myc,Igf2, Hes1) (Bangs and Anderson, 2017). Hh target gene
expression varies by the level and combination of Gli factors in the receiving cell type thus
generating different outcomes (Stecca and Ruiz I Altaba, 2010). Genes generally induced
by Hh activity, such as Ptc, Gli1 or Hhip can trigger positive or negative feedbacks on the
pathway which modify the strength or duration of the Hh signal (Briscoe and Therond,
2013).
In the absence of Hh signaling, the twelve-pass transmembrane protein Patched
(Ptc1) (Nakano et al., 1989) (Marigo et al., 1996) inhibits the seven-pass transmembrane
G-protein-coupled receptor like Smoothened (Smo) (Alcedo et al., 1996). Suppressor of
Fused (Sufu) sequesters Gli2/3 in the cytosol at the base of the cilium where PKA, CK1
and GSK3B kinases phosphorylate the Gli family of proteins by proteolytic cleavage and
removal of the C-terminal domain leading to the formation of Gli repressor, a process that
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is also facilitated by Sufu. Once Gli repressor enters the nucleus it inhibits the expression
of target genes like Hhip, Gli1 and Ptc1 leading to the inhibition of the pathway.
Downstream of Smo, the Glioma – associated oncogene (Gli) family of
transcription factors (Gli1, Gli2 and Gli3), together with Suppressor of Fused (Sufu) form
the Gli-SuFu complex that then mediates downstream signaling (Petrov et al., 2019) (Fig
5).

Figure 1.6. A simplified schematic of the Hedgehog (Hh) signaling pathway
This figure wass adapted from Cavodeassi et al., 2018. In the absence of Hh ligand, the
Hedgehog receptor Patched (Ptch) is concentrated in the primary cilium whereas the
downstream transducer Smoothened (Smo) is sequestered in the intracellular compartments
thus the downstream pathway is inactive. When the Hh ligand is present and binds Ptch in
the presence of Hh co-receptors, the repression of Ptch on Smo is released and Smo
accumulation on the primary cilium causes the activation of Gli transcription factors by
relieving their inhibition by the cytoplasmic sequestration factor SuFu. Active Gli proteins
then move to the nucleus and drive transcriptional activation of Hedgehog pathway target
genes.
Hedgehog Signaling Role in Proliferation and Adult CNS Proliferation
Several studies suggest a role for Hedgehog signaling in regulating proliferation with
several lines of evidence showing Hh playing a mitogenic role by stimulating
proliferation by direct regulation of cell-cycle promoting genes. For example, during
Drosophila eye development Hh signaling is required for normal expression of cyclins
and normal proliferation and its activation suppresses the “rough” adult eye phenotype
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characterized by loss of bristles and fusion of ommatidia, due to retinoblastoma, a
negative cell cycle regulator, (Rb) overexpression. It is shown that Hh signaling
promoted cell cycle progression by transcriptional upregulation of cyclinD and cyclinE in
the target cells (Duman-Scheel et al., 2002), a process that occurrs as a direct response to
promoter binding of Gli factors (Duman-Scheel et al., 2002; Yoon et al., 2002). In the
mouse cerebellum, Shh signaling maintains granular cell precursor (GCP) proliferation
by regulating cyclinD gene expression by regulating cell cycle progression by inducing
Nmyc, a hedgehog target gene, which then activates its downstream transcription
program (Oliver et al., 2003). Shh also plays a role in mouse retinal development.
Conditional ablation of Shh expression results in a decreased number of cycling cells and
down-regulation of CyclinD1 (Wang et al., 2005) suggesting a that Hh signaling
promotes proliferation. Another publication, (Locker et al.,2006) demonstrates that in
Xenopus and zebrafish Shh signaling promotes retinal progenitor proliferation by
shortening G1 and G2 phases of the cell cycle. This effect is mediated by Shh-mediated
positive regulation of cyclinD1, cyclinA2, cyclinB1 and cdc25C gene expression in the
Xenopus retina which would lead retinal cells to faster cell cycle progression towards the
final mitosis.
Hh-Gli signaling also controls proliferation and self-renewal of neural stem cells in
neurogenic niches of the brain, such as the embryonic neocortex, the subventricular zones of
the lateral ventricles and the subgranular layer of the hippocampus (Lai et al., 2003;
Machold et al., 2003; Palma and Ruiz i Altaba, 2004; Ahn and Joyner, 2005; Palma et al.,
2005), with the level of Gli1 expression determining the number of neural stem cells in
multiple brain regions (Stecca and Ruiz i Altaba, 2009). Conditional genetic loss-of-function
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studies in mid-gestation mice where Shh, Smo or Kif3a are removed resulted in a severe
depletion of progenitors in the neurogenic niches of SVZ and SGZ and a severe increase in
the postanatal apoptosis indicating a survival role for Shh signaling in neural stem cells (Han
et al., 2008; Machold et al., 2003). Additional studies where small molecules are used for
Shh gain- and loss-of-function experiments show an increase and decrease, respectively, in
the adult neurogenic niches in vivo as well as in cultured progenitor cells (Lai et al., 2003;
Palma et al., 2005). Moreover, Smo removal in SVZ neural stem cells results in reduced
SVZ neurogenesis (Balordi and Fishell, 2007b; Petrova et al., 2013) although no significant
increase in cell death or differentiation is observed, suggesting that Smo removal instead
causes quiescent neural stem cells to not progress into faster cycling cells or transit
amplifying cells. These studies suggest that hedgehog signaling might function to maintain
neural stem cells in the adult forebrain in a proliferative state. A more recent study in the
ventricular-subventricular zone of the mammalian forebrain where both pharmacological
and genetic manipulations of Shh were employed shows Shh regulating proliferation of the
activated neural stem cells in vivo and shortened both G1 and S-G2/M portions of the cell
cycle in vitro (Daynac et al., 2016).
However, not much is known about the role of Hedgehog signaling in the ventral
forebrain and my thesis work focused on the role of Hedgehog signaling on this brain
area.
Zebrafish potential as a valuable model system for neurogenesis research
Since the early 1980’s when Christiane Nusslein-Volhard established zebrafish (Danio rerio)
as a model organism, seminal genetics and cellular mechanisms driving development have
been elucidated using this model. The zebrafish genome is strikingly similar to the human
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genome, with 70% of human genes having a zebrafish orthologue (Howe et al., 2013). The
high level of homology with the human genome, combined with similar neuroanatomical,
neurochemical and physiological features shared by humans (Butler and Hodos, 2015) and
the general ease of making transgenic reporter lines provide invaluable insights into key areas
of neuroscience (Best and Alderton, 2008).
In contrast to the mammalian brain, where two neurogenic zones have been characterized
and studied, the zebrafish exhibits strong neurogenic activity with 16 proliferative zones
distributed along the anterior-to-posterior axis of the embryonic and adult brain (Grandel et
al., 2006). My project focuses on the zebrafish hypothalamic neurogenesis (as a region also
shown to be potentially neurogenic in humans Pellegrino et al., 2018)) to uncover the role
of Hh signaling in the regulation of hypothalamic progenitor proliferation. Furthermore, I
explore the relationship between Shh and other developmental signaling pathways active in
the hypothalamus by analyzing the relative proliferative behaviors of different
hypothalamic neural/progenitor stem cells responding to these pathways, thus providing
new insights into the regulation of hypothalamic neurogenesis.
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CHAPTER 2
HEDGEHOG SIGNALING REGULATES NEUROGENESIS IN THE LARVAL
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Abstract
While neurogenesis in the adult hypothalamus is now known to be essential for proper
function, the cell-cell signaling events that regulate neurogenesis in this evolutionarily
conserved brain region remain poorly understood. Here we show that Hedgehog
(Hh)/Gli signaling positively regulates hypothalamic neurogenesis in both larval and
adult zebrafish and is necessary and sufficient for normal hypothalamic proliferation
rates. Hedgehog-responsive cells are relatively rapidly proliferating pluripotent neural
precursors that give rise to dopaminergic, serotonergic, and GABAergic neurons. in situ
and transgenic reporter analyses revealed substantial heterogeneity in cell-cell signaling
within the hypothalamic niche, with slow cycling Nestin-expressing cells residing among
distinct and overlapping populations of Sonic Hh (Shh)-expressing, Hh-responsive,
Notch-responsive, and Wnt-responsive radial glia. This work shows for the first time that
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Hh/Gli-signaling is a key component of the complex cell-cell signaling environment that
regulates hypothalamic neurogenesis throughout life.
Introduction
The hypothalamus, located in the ventral-most region of the diencephalon, is among the
most ancient and evolutionarily conserved parts of the vertebrate brain (Nieuwenhuys,
Donkelaar, Nicholson, & SpringerLink (Online service), 1998). This brain region
regulates metabolism, circadian rhythms, autonomic function, and a wide range of
behaviors linked to survival including feeding, sleep-wake cycles, and reproduction
(Saper & Lowell, 2014). The endocrine hypothalamus secretes neurohormones that
regulate the endocrine output of the anterior pituitary gland (Clarke, 2015) while also
modulating brain activity through the production of a variety of neuromodulators (e.g.
Giardino & de Lecea, 2014). Because of this critical role in basic metabolic processes and
behaviors, dysfunction of the hypothalamus is associated with a wide range of human
disease, including reproductive impairments, obesity and feeding disorders, abnormal
energy metabolism, diabetes insipidus, and sleep disorders, among others (Fliers, 2014;
Saper & Lowell, 2014). The hypothalamus is also affected in many neurodegenerative
disorders, and alterations in adult neurogenesis in this brain region are likely linked to
pathophysiologies accompanying these diseases (Ishii & Iadecola, 2015; Vercruysse,
Vieau, Blum, Petersen, & Dupuis, 2018; Winner & Winkler, 2015).

Life-long hypothalamic neurogenesis has now been documented in rodents (Ming &
Song, 2011; Yoo & Blackshaw, 2018), sheep (Migaud et al., 2010), zebrafish (Schmidt,
Strahle, & Scholpp, 2013; X. Wang et al., 2012), and likely humans (Pellegrino et al.,
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2018). Additionally, there is growing evidence that hypothalamic neurogenesis plays a
role in growth and tissue maintenance as well as hypothalamic function (Kokoeva, Yin,
& Flier, 2005; Lee & Blackshaw, 2012; Migaud, Batailler, Pillon, Franceschini, &
Malpaux, 2011; Xie & Dorsky, 2017). As with other adult neurogenic zones,
hypothalamic neurogenesis occurs in the ventricular regions, namely the posterior recess
(PR) and lateral recess (LR) of the hypothalamic (3rd) ventricle. Similar to more dorsal
neurogenic zones, hypothalamic proliferation requires highly coordinated regulation of
cell proliferation and differentiation within a discrete population of progenitors. Cell-cell
signaling systems known to regulate nervous system induction and patterning during
embryogenesis continue to play a key role in controlling this adult stem cell proliferation
and differentiation in other regions of the brain. These include Notch, Fibroblast Growth
Factor (FGF), Wnt, Hedgehog (Hh), and Bone Morphogenetic (BMP) signaling systems,
among others (Anand & Mondal, 2017; Kizil, Kaslin, Kroehne, & Brand, 2012; Obernier
& Alvarez-Buylla, 2019; Petrova & Joyner, 2014). Heterogeneity in both the neural stem
cell populations and in cell-cell signaling systems helps control the range of differentiated
cell types that are produced in stem cell niches (Ceci, Mariano, & Romano, 2018;
Chaker, Codega, & Doetsch, 2016; Lim & Alvarez-Buylla, 2016; Marz et al., 2010).
Determining how this heterogeneity contributes to brain growth and adult neurogenesis
remains a major challenge in the field.
The Hedgehog (Hh)/Gli signaling system has been extensively characterized for its role
in regulating cell proliferation, differentiation, and survival during embryogenesis
(Briscoe & Therond, 2013; Varjosalo & Taipale, 2008). Secreted proteins of the Hh
family also act through the Gli transcription factors to regulate neural stem cell
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proliferation in the ventricular-subventricular zone of the hippocampus (Alvarez-Buylla
& Ihrie, 2014; Daynac et al., 2016; Lai, Kaspar, Gage, & Schaffer, 2003; Palma et al.,
2005; Petrova & Joyner, 2014). Misregulation of Hh signaling is linked to neural tumors
including glioblastoma and medulloblastoma (Raleigh & Reiter, 2019; Wechsler-Reya &
Scott, 2001) and has been implicated in mediating Parkinson’s disease symptoms and
restoring nigrostriatal dopaminergic neurons (Gonzalez-Reyes et al., 2012), but if and
how Hh signaling regulates neurogenesis in the adult hypothalamus is not well
understood. Given the central role of the hypothalamus in regulating metabolism and
other basic physiological processes, understanding the role of Hh/Gli signaling in
hypothalamic neurogenesis and its relation to growth, tissue maintenance and plasticity
could inform our understanding of a broad range of metabolic diseases associated with
this brain region.
The zebrafish brain, which maintains up to 16 proliferative zones throughout life, has
become an important model for studying adult neurogenesis (Anand & Mondal, 2017;
Grandel, Kaslin, Ganz, Wenzel, & Brand, 2006; Schmidt et al., 2013). In the adult
zebrafish telencephalon, Notch signaling is thought to keep cells quiescent (Type I cells)
(Chapouton et al., 2011; Rothenaigner et al., 2011). Removal of Notch signaling leads to
progression through activated (Type II cells) and transit amplifying (Type III) stages,
followed by differentiation into distinct neural and glial populations, with final cell fate
influenced by a combinatorial influence of multiple signaling systems (Chapouton et al.,
2010). Work in the zebrafish has uncovered a key role for Wnt signaling in hypothalamic
neurogenesis, with Wnt signaling being required for the formation of distinct neuronal
subtypes and disruptions in Wnt-mediated hypothalamic proliferation leading to reduced
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growth and behavioral effects (Duncan et al., 2016; X. Wang et al., 2012; Xie & Dorsky,
2017). While Hh signaling has been shown to be a key component of hypothalamicpituitary axis development during embryogenesis (Bergeron, Tyurina, Miller, Bagas, &
Karlstrom, 2011; Blackshaw et al., 2010; Guner, Ozacar, Thomas, & Karlstrom, 2008;
Kondoh et al., 2000; Muthu, Eachus, Ellis, Brown, & Placzek, 2016), its role in the postembryonic and adult hypothalamus has not been documented.
Here we show that Hh signaling is necessary and sufficient to regulate hypothalamic
neural precursor proliferation throughout the life cycle, with Hh-responsive cells being a
previously undescribed population of proliferative radial glia similar to transit amplifying
(type III) precursors. Using transgenic reporter lines we show remarkable heterogeneity
in cell signaling responses among radial glia in the ventricular zone that appears to result
in part from sequential responses of neural precursors to different signaling molecules.
We show that Hh-responsive cells are multipotent neural precursors that give rise to
dopaminergic, GABAergic, and serotonergic neurons. Together, these studies reveal a
role for Hh signaling in larval and adult hypothalamic neurogenesis and begin to uncover
heterogeneity among morphologically similar radial glial cells. Thus, our work may help
explain how a wide range of neuroendocrine and neural populations can be regulated in
the adult brain to allow for proper hypothalamic function and HP-axis regulation.

Results
Hedgehog responsive cells in the adult hypothalamus are proliferative neural
precursors
We first took advantage of a suite of transgenic reporter lines to characterize cells that are
actively engaged in Hh signaling in the adult brain (Fig. 1). Cells receiving Hh signaling
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(Hh responsive (Hh-R) cells) in the brain were visualized using transgenic reporter lines
that express either GFP or mCherry under the control of the regulatory region of the
ptch2 gene, a transcriptional target of Hh signaling (Shen et al., 2013), while Sonic Hh
(Shh)-producing cells were visualized using the Tg(shha:GFP) transgenic line (Neumann
& Nuesslein-Volhard, 2000) (Fig. 2.1). Using modified CLARITY tissue clearing
protocols (Isogai, Richardson, Dulac, & Bergan, 2017) and light sheet microscopy we
obtained whole-brain images of adult Tg(GBS-ptch2:NLS-mCherry;shha:GFP ) double
transgenic fish, revealing that Hh-responsive (Hh-R) cells are adjacent to Shh producing
cells in the posterior (PR) and lateral (LR) recesses of the hypothalamic ventricle (Fig.
2.1B). in situ hybridization confirmed that the ptch2 reporter lines accurately report Hh
signaling in the larval and adult brain, with shh, ptch2 mRNA and the Gli transcription
factors being expressed in ventricular regions (Fig. 2.2). BrdU labeling of sagittal tissue
sections revealed that Shh-producing cells are proliferative, have radial glial morphology,
and that Shh-producing cells of the LR extend processes toward the PR (Fig. 2.1C).
Similarly, Hh-responsive cells have radial morphology with processes that extend to the
hypothalamic ventricle (Figs. 2.1D-H). Approximately 12% of these Hh-responsive cells
in the adult PR are proliferative as revealed by expression of the Proliferative Cell
Nuclear Antigen (PCNA) as well as BrdU incorporation (Fig. 2.1D, Fig. 2.5). A subset of
Hh-R responsive cells of the posterior recess express the glial markers s100ß (Fig. 2.1E)
and GFAP (Fig. 2.1F), while all appear to express the neural progenitor transcription
factor Sox2 (Fig. 2.1G), consistent with neural progenitor identity. These cells give rise
to neurons as shown by labeling with an antibody to the neuronal protein HuC (Park et
al., 2000) (Fig. 2.1H). Together, these data show that a subset of radial glial cells in
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hypothalamic ventricular zones are responsive to Hh signaling in adults, and that these
cells are both proliferative and neurogenic. These cells thus represent a previously
undescribed population of neural precursors in the developing and mature vertebrate
hypothalamus.

Figure 2.1. Shh-producing and Hh-responsive radial glial cells in the adult
hypothalamus are proliferative neural precursors. (A) Schematic sagittal, transverse,
and horizontal sections through the adult zebrafish brain. (B) Optical sections from a
whole-brain light-sheet confocal image of a Tg(GBS-ptch2:NLS-mCherry;shha:GFP)
double transgenic adult showing Hh-responsive cells (Hh-resp., red) in relation to Shh-
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producing cells (Shh-source, green) in the lateral recess (LR) and posterior recess (PR) of
the adult hypothalamic (3rd) ventricle. Shh-expressing cells are adjacent to Hhresponsive cells in the ventricular zone of both recesses. Yellow lines in each panel
indicate the plane of section in the other panels. Supplemental movies show a progression
through optical sections (from posterior to anterior) and a 3-Dimensional rotating view of
this image. (C) Sagittal tissue section showing Shh-producing cells (green) and BrdU
labeled proliferative cells (red, 24-hour exposure) in the adult hypothalamus. Shhproducing cells are located primarily in the dorsal portions of both the lateral and
posterior recesses. Shh-expressing cells in the LR send projections toward to the dorsal
region of the PR. Panels at right show separated fluorescent channels from the boxed
regions, with examples of co-labeled cells in both ventricular regions indicated by
arrowheads. (D) Sagittal tissue section through the PR of a Tg(GBS-ptch2:EGFP)
transgenic adult showing Hh-responsive cells and proliferative cells labeled with BrdU
(red, 24h-hour treatment) and the anti-Proliferating Cell Nuclear Antigen (PCNA)
antibody (magenta). Panels at right show separated channels from the boxed region, with
4 PCNA+/BrdU+ labeled Hh-responsive cells indicated by yellow asterisks and 2
PCNA+/BrdU- cells indicated by white asterisks. (E) Sagittal tissue section through the
PR of a Tg(GBS-ptch2:EGFP) transgenic adult labeled with the anti-s100ß antibody to
show radial glia. Most but not all Hh-responsive cells are s100ß positive (white
arrowheads). A small percentage of GFP labeled cells that are more distant from the
ventricle are s100ß negative (yellow arrowhead), suggesting these cells have
differentiated but retain GFP fluorescence from previous GBS-ptch2:EGFP transgene
expression. (F) Sagittal tissue section through the PR of a Tg(GBS-ptch2:NLSmCherry;gfap:GFP) double transgenic adult. About 5% (8 cells of 157 counted) of Hhresponsive cells in the adult hypothalamus express GFAP (white arrowheads), while the
majority of Hh-responsive cells are GFAP negative (yellow circle). (G) Transverse tissue
section through the PR of the hypothalamus of a Tg(GBS-ptch2:EGFP) adult labeled with
the Sox2 antibody that labels neurogenic cells. Most or all Hh-responsive cells express
the Sox2 protein. Panels at right show separated channels from the boxed region with
arrowheads marking co-labeled cells. (H) Sagittal tissue section through the PR of a
Tg(GBS-ptch2:EGFP) adult labeled with an antibody to the neuronal marker HuC/D
(now called Elavl3). Double labeling of cells far from the ventricle indicates that Hhresponsive cells (green) can give rise to HuC/D expressing neurons (red). Panels at right
show separated channels from the boxed region with co-labeled cells (arrowheads). Cb;
cerebellum, hy; hypothalamus, LR: lateral recess of the hypothalamic (3rd) ventricle, PR;
posterior recess of the hypothalamic (3rd) ventricle, tect; tectum. Scale bars: A, 1mm; B,
50µm; C-H, 20µm.
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Figure 2.2. Hedgehog signaling pathway gene expression in the larval and adult
hypothalamus.
(A-F) Expression of Hh-signaling pathway genes in sectioned tissue from 4 dpf larvae.
(A) in situ hybridization (ISH) showing that shh is highly expressed in the ventricular
regions of the lateral recess and posterior recess of the hypothalamic ventricle, as well as
in ventricular regions of the diencephalon/telencephalon border, cerebellum, and tectum.
(B) The Hh-target gene patched2 is similarly expressed in ventricular regions throughout
the larval brain, with ptch2 transcription being eliminated by treatment with cyclopamine
(B Inset). (C) shh (green, Shh-source) and ptch2 (red, Hh-response) expression in the
larval brain as revealed by the Tg(shha:GFP) and Tg(GBS-ptch2:NLS-mCherry) reporter
lines, seen here in a double transgenic larva. This midline section reveals Hh-response in
the midline ventricular region. (D-F) ISH showing expression of the Hh-responsive
transcription factors gli1, gli2a, and gli3, respectively. (G-L) in situ hybridization (ISH)
on tissue sections showing expression of Hh signaling pathway genes in the adult
hypothalamus. (G) shh expression is maintained in the lateral and posterior recesses of
the adult hypothalamic ventricle. (H) Expression of the Hh-target gene patched2 in the
hypothalamic ventricular regions as revealed by ISH and compared to nuclear mCherry
expression in cells of the LR and PR driven by the ptch2 promoter construct in the
Tg(GBS-ptch2:NLS-mCherry) transgenic line (inset). (I) ISH using a ptch2 probe shows
that cyclopamine treatment (bottom panel) of 6-month-old adult dramatically reduced
ptch2 gene expression in the lateral and posterior recesses compared to an age-matched
DMSO control treated fish (top panel). (J-L) ISH showing expression of the Hhresponsive transcription factors gli1, gli2a, and gli3, respectively, in the hypothalamus.
All panels show sagittal tissue sections, except L, which shows a transverse tissue
section. cb; cerebellum, di; diencephalon, hy; hypothalamus, LR; lateral recess, PR;
posterior recess, tect; tectum, tel; telencephalon. Scale bars: 50µm.

Hedgehog signaling positively regulates hypothalamic neural precursor
proliferation
To determine if Hh signaling affects adult neurogenesis we injected adult fish with the
Hh inhibitor cyclopamine (CyA) (Incardona, Gaffield, Kapur, & Roelink, 1998) and
assayed cell proliferation using PCNA antibody labeling and BrdU incorporation. These
cyclopamine treatments dramatically reduced ptch2 transcription as assayed by in situ
hybridization (Fig. 2.2), however green fluorescence was still visible in Hh-responsive
cells after 24 hours of CyA treatment due to the persistence of the GFP protein (Fig.
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2.3A,B). These IP injections of 80µM CyA reduced proliferation throughout the
hypothalamus 24 hours later, with quantification of the posterior recess revealing an
approximately 50% reduction in both BrdU and PCNA labeled cells (Fig. 2.3C).
We next turned to larval stages to facilitate gain- and loss- of function analyses of Hh
function in the hypothalamus. As in adults, Shh-producing and Hh-responsive cells were
distributed throughout the hypothalamic ventricle zones (Fig. 2.3D), with a subset being
proliferative as revealed by PCNA labeling or BrdU incorporation (Fig. 2.3D, inset).
CyA-mediated inhibition of Hh signaling at larval stages (6 dpf) reduced proliferation
throughout the brain, with proliferation rates dropping by approximately 75% in both the
posterior and lateral recesses of the hypothalamus (Fig. 2.3E-G). We saw no evidence of
increased cell death in the hypothalamus of these CyA treated larvae, as assayed using an
activated-Caspase3 antibody, although we did observe an intriguing increase of cell death
in the dorsal tectum following CyA treatments (Fig. 2.4A-B).

To verify the specificity of this effect we next used the two-part Tet-On system in
zebrafish (Campbell, Willoughby, & Jensen, 2012), providing spatiotemporal control of
Hh signaling levels (Fig 2.3). We previously demonstrated that expression of a truncated
Gli2a transcription factor (Gli2aDR) dominantly represses Hh signaling at the
transcriptional level, while expression of Shh or the full-length Gli1 transcription factor
activates Hh signaling (Karlstrom et al., 2003; Shen et al., 2013). Expression of the
Gli2aDR protein in Hh-responsive cells (Tg(GBS-ptch2:RTTA-HA) driver line) at 3 dpf
resulted in a 25% reduction in hypothalamic proliferation within 12 hours of transgene
activation (Fig. 2.3I,J). Similarly, activation of the Gli2a dominant repressor gene at 5 dpf
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using the heat-shock inducible system (Shen et al., 2013) reduced proliferation by
approximately 50% (data not shown). Consistent with a positive role for Hh in regulating
hypothalamic cell proliferation, expression of either Shha or the Gli1 transcriptional
activator in Hh responsive cells starting at 3 dpf increased proliferation levels by
approximately 20-30% within 12 hours of gene activation (Fig. 2.3K-M). Similar results
were observed at 22 dpf, representing a late larval stage of development (data not shown).
Together, these data indicate that Hh/Gli signaling is necessary and sufficient for normal
proliferation rates in the brain at larval stages and that Hh continues to positively regulate
cell proliferation in the adult hypothalamus.
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Figure 2.3. Hh signaling positively regulates proliferation in the postembryonic
hypothalamus. (A) Sagittal section through the posterior recess of a DMSO (control)
injected Tg(GBS-ptch2:EGFP) transgenic adult brain showing anti-PCNA (magenta) and
BrdU (red, 3-hour exposure) labeled proliferative cells. Arrowheads mark triple labeled,
proliferative, Hh-responsive cells. (B) Sagittal3-houron through the posterior recess of a
Tg(GBS-ptch2:EGFP) transgenic adult brain 24 hours after injection of the Hh inhibitor
cyclopamine (CyA) showing anti-PCNA (magenta) and BrdU (red) labeled proliferative
cells. Arrowheads mark triple labeled cells. (C) Quantification of BrdU and PCNA
labeled cells in control and CyA injected adults. Each dot represents the number of cells
counted in a single tissue section, with each color representing a different adult fish (n=3
fish, 10-11 sections per fish). (D) Ventral view of a dissected Tg(GBS-ptch2:NLSmCherry;shha:GFP) double transgenic larval brain showing Hh-responsive (red) and
Shh-producing (green) cells. The hypothalamic lobes surrounding the posterior and
lateral recesses of the third ventricle are outlined on one side of the brain. Cut view at
right shows optical Z-section through the PR at the position of the yellow dotted line.
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Insets show PCNA labeled (cyan) Hh-responsive cells (red) in the PR of another larval
brain, with examples of double labeled cells marked by arrowheads. (E, F)
Representative sagittal tissue sections through the larval brains of DMSO (E) and
cyclopamine (F) treated Tg(GBS-ptch2:EGFP) labeled to show BrdU (2h treatment) and
PCNA labeled proliferative cells. Cyclopamine treatment led to a reduction in PCNA
and BrdU-labeled cells in the PR, as well as throughout the brain (not shown). Panels at
right show separated channels from the boxed region. (G) Quantification of BrdU and
PCNA labeled cells in the PR and Lateral Recess (LR) of DMSO and cyclopamine
treated larvae. Each color represents a different larval fish (n=5 controls, n=6 CyA
treated) and each dot represents cells in a single tissue section (5-9 sections per fish). (H)
Schematic showing the Tet-On transgenic system used to manipulate Hh signaling. The
Tg(GBS-ptch2:RTTA) line drives expression of the RTTA transcriptional activator in Hhresponsive cells, with different effector transgenes allowing up- and down-regulation of
Hh signaling upon the addition of doxycycline, which is required for RTTA function.
Activation of the 2-part transgenic expression system is indicated by mCherry
fluorescence in larvae, as shown in the diagram of the experimental timeline. (I-L)
Ventral views of EdU labeled (3-hour exposure) proliferative cells in the larval
hypothalamus following manipulation of Hh signaling levels using the Tet-On system. (I)
EdU labeled proliferative cells (green) in a single-transgenic sibling (control), identified
based on the lack of red fluorescence. (J) EdU labeled proliferative cells (green)
visualized 12 hours after activation of a dominant repressor form of the Gli2 transcription
factor (Gli2DR) in Hh-responsive cells (red). (K) EdU labeled proliferative cells (green)
visualized following activation of the Shh effector transgene (Tg(TETRE:shha-mCherry))
in Hh-responsive cells (Tg(GBS-ptch2:RTTA) driver). (L) EdU labeled proliferative cells
12 hours after activation of the Gli1 transcription factor in Hh-responsive cells (red). (M)
Quantification of cell proliferation in the PR and LR of the larval hypothalamus
following Hh-manipulation using the Tet-On system. Each dot represents an individual
fish. Up-regulation of Hh/Gli signaling via the shha and gli1 transgenes led to increased
proliferation, while down-regulation of Hh signaling via the gli2DR transgene reduced
proliferation. *** p<0.001. **** p<0.0001. Scale bars: 20µm.
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Figure 2.4. Cyclopamine treatment does not increase cell death in the hypothalamus.
(A) Cell death in a DMSO treated control larva as revealed by anti-activated Caspase3
antibody labeling. (B) Two-day cyclopamine treatment did not lead to increased cell
death in the hypothalamus, although increased cell death was seen in the tectum
(arrowheads). cb; cerebellum, hy; hypothalamus, LR; lateral recess, PR; posterior recess,
tect; tectum, tel; telencephalon. Scale bar: 50µm.

Hh-responsive cells are more highly proliferative than slow-cycling nestinexpressing radial glia
Nestin expressing radial glia have been identified as neurogenic cells in the zebrafish
telencephalon (Chapouton, Jagasia, & Bally-Cuif, 2007; Ganz, Kaslin, Hochmann,
Freudenreich, & Brand, 2010; Kaslin et al., 2009), with Nestin expression now being
thought to be a hallmark of the transition from quiescent to activated neural stem cells in
both mammals and teleosts (Chaker et al., 2016; Obernier & Alvarez-Buylla, 2019; Y. Z.
Wang, Plane, Jiang, Zhou, & Deng, 2011). Nestin-expressing radial glia are also present in
the hypothalamic ventricles, and these cells are largely PCNA negative (Fig. 2.5A),
consistent with a quiescent or slow-cycling state. A higher percentage of Hh-responsive
cells in the PR are PCNA positive (Fig. 2.5B, see quantification in 2.5F), with this PCNA
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labeling more prevalent toward the apical surface of the ventricular zone (Fig. 2.5B insets).
This apical distribution of PCNA labeling is consistent with G1/S/G2 of the cell cycle
occurring distant from the ventricle and M phase occurring near the ventricle, as has been
shown in to occur during neurogenesis in the embryo (Alexandre, Reugels, Barker, Blanc,
& Clarke, 2010; Leung, Klopper, Grill, Harris, & Norden, 2011). The fact that Hhresponsive cells and nestin positive cells have different cellular distributions and
proliferative profiles (Fig. 2.5A,B) indicates that these cells are largely distinct. The
persistence of GFP (X. Wang et al., 2012) and mCherry fluorescent proteins in the
TgBAC(nes:EGFP) and Tg(GBS-ptch2:NLS-mCherry) lines allowed us to test the idea that
these two transgenes might be sequentially expressed in the same cells as they progress
through the stem cell activation-proliferation-differentiation pathway (Obernier &
Alvarez-Buylla, 2019). We found that approximately 17% of mCherry expressing (i.e. Hhresponsive) cells in the periphery of the ventricular zone also contained GFP, indicating
that these cells express, or previously expressed, the nes:EGFP transgene (Fig. 2.5C). To
experimentally determine the relative proliferation levels of nestin-expressing and Hhresponsive radial glia in the hypothalamus we performed BrdU pulse-chase experiments
on nestin:GFP and ptch2:EGFP transgenic fish (Fig. 2.5). TgBAC(nes:EGFP) (Ganz et
al., 2010) or Tg(GBS-ptch2:EGFP) (Shen et al., 2013) adults were treated with 10 mM
BrdU for two days at 47 dpf and examined 32 days later to identify cells that retained the
BrdU label, as well as cells that were proliferative at the time of fixation, as determined
using the anti-PCNA antibody (Fig. 2.5D-G). Consistent with low proliferation rates
associated with activated stem cells, adult nestin- expressing cells in the PR very rarely
(21/3853 cells counted, <1% of cells) expressed the proliferative marker PCNA, with
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approximately 2% of these cells retaining the BrdU label over the 1-month chase period,
indicating they had gone through S-phase of the cell cycle one month earlier (Fig. 2.5D,F).
Again, over 10% of Hh-responsive cells in the adult PR were found to be in G1/S/G2 of
the cell cycle at the time of fixation based on PCNA expression, and approximately 5% of
Hh-responsive cells had retained some BrdU label following the chase period, indicating
they had progressed through S-phase of the cell cycle 1 month earlier. Fluorescent intensity
of BrdU labeling in these label-retaining Hh-responsive cells was significantly lower than
that in the BrdU+/nestin+ population (Fig. 2.5G), suggesting the Hh-responsive cells had
undergone cell division(s) subsequent to the BrdU pulse period, thus reducing amount of
the BrdU label in these cells. Together, these results support the hypothesis that nestinexpressing radial glia of the posterior recess represent a relatively slow cycling population
while the Hh-responsive population represents a more rapidly cycling (e.g. Type III or
transit amplifying stem cells) progenitor cell population.

Figure 2.5. Hh-responsive progenitors are highly proliferative relative to slow36

cycling nestin-expressing glia.
(A) Sagittal tissue section through the PR of a TgBAC(nes:EGFP) transgenic adult brain
showing PCNA antibody labeled proliferative cells. Nestin expressing cells are
predominantly PCNA negative. (B) Sagittal tissue section through the PR of a
Tg(ptch2:EGFP) transgenic adult brain showing PCNA antibody labeled proliferative
cells. Arrowheads indicate examples of PCNA labeled (proliferative) Hh-responsive cells.
Panels at right show separated channels from the boxed region. (C) Hh-responsive cells
(red) are largely distinct from Nestin expressing cells (green) in the posterior recess (PR)
of the adult hypothalamus, as visualized in Tg(GBS-ptch2:NLS-mCherry;nes:EGFP)
double transgenic fish. However, 17% of cells (74 cells of 442 total) contained both GFP
and mCherry (arrowheads, n=9 tissue sections from 3 double transgenic fish) with GFP
fluorescence substantially lower in double-labeled cells. Panels at right show separated
channels from the boxed region. (D,E) BrdU pulse-chase experiment. Schematic timeline
above panels shows timing of pulse and chase, with 47 dpf adult TgBAC(nes:EGFP) or
Tg(GBS-ptch2:EGFP) fish being exposed to 10 µm BrdU in fish water for 2 days. 32 days
later fish were sacrificed and tissue sections were labeled using anti-BrdU (red) and antiPCNA (magenta) antibodies. (D) Representative sagittal section through the posterior
recess of a TgBAC(nes:EGFP) adult, insets show single channel data for the boxed region.
A small number of Nestin-expressing cells in the posterior recess retained the BrdU label
after one month. These cells did not express PCNA (arrowheads), indicating they were not
in G1/S/G2 of the cell cycle at the time of fixation (n=3 fish, 13-16 tissue sections per fish).
(E) Representative sagittal section through the posterior recess of a Tg(GBS-ptch2:EGFP)
adult (n=2 fish, 13-16 sections per fish), insets show single channel data for the boxed
region. Most Hh-responsive cells failed to retain the BrdU label after one month and many
of these cells expressed PCNA (arrowheads), indicating active cell cycling at the time of
fixation. (F) Graph showing the percentage of Nestin-expressing or Hh-responsive cells
that co-labeled with the BrdU or PCNA antibodies. (G) Quantification of BrdU label
intensity in Nestin expressing and Hh-responsive cells showing BrdU labeling intensity
was significantly lower in Hh-responsive cells compared to nestin expressing cells. ***
p<0.001. **** p<0.0001. All panels show 0.5 µm single optical sections of 20μm tissue
sections. Scale bars: 20µm.

Hh, Wnt, and Notch signaling in hypothalamic progenitors
To explore potential interactions between Hh and other signaling pathways that control
neurogenesis in the hypothalamus, we next determined the spatial relationship between
Hh, Wnt and Notch in the ventricular zone. Examination of Tg(7xTCFXla.Sia:GFP;GBS-ptch2:NLS-mCherry) double transgenic adults revealed that the Wnt
and Hh signaling systems are active in overlapping but distinct regions of PR, with Wntresponsive cells being positioned primarily on the dorsal side of the ventricular zone and

37

Hh-responsive cells being distributed throughout the ventricular zone (Fig. 2.6A). Close
examination double transgenic adults revealed that a small subset of cells expressed both
GFP and mCherry, indicating either simultaneous or sequential (given the persistence of
the mCherry and GFP proteins) activation of Wnt and Hh signaling.

Comparison of GFP expression between TgBAC(nes:EGFP) and Tg(7xTCFXla.Sia:GFP) adults revealed distinct patterns of expression with nestin+ cells distributed
throughout the PR and wnt-R cells being primarily localized to the dorsal region
(compare Fig. 2.5A to 2.6A), strongly suggesting that most Nestin expressing cells are
not actively transducing Wnt signals. Given the data indicating that Notch signaling acts
to keep telencephalic neural progenitors in a quiescent state (Chapouton et al., 2010), we
next wanted to determine if Notch signaling might also be active in the zebrafish
hypothalamus. in situ hybridization using the notch1a (Fig. 2.6B) as well as notch1b and
deltaB (data not shown) probes revealed that Notch signaling is active in the LR and PR
of the hypothalamic ventricle. The FGF target gene erm (Fig. 2.6C), as well as the gene
encoding the retinoic acid binding protein Crabp1a (Fig. 2.6D), are also expressed in the
adult PR, suggesting these signaling systems are actively involved in precursor
regulation. A schematic summarizing the signaling environment of the adult posterior
recess, as defined by these expression analyses, is shown in Fig. 2.6E.
We next examined whether the pattern observed in adults is be similar to that seen in the larval
brain. Whole mount imaging revealed that Wnt-responsive and Hh-responsive progenitors are
distributed throughout the PR, but these signaling systems appear to be largely acting on distinct
cells, as indicated by the lack of co-expression in the Wnt and Hh-reporter lines (Fig. 2.6F). A
very small number of double positive cells were identified in larvae (Fig. 2.6F, arrowheads),
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suggesting simultaneous or sequential activation of Wnt and Hh signaling in larvae similar to
what we have observed in the adult. Notch-responsive cells, as seen in the Tg(tp1bglob:GFP)
reporter line (Parsons et al., 2009), were present throughout the PR in a distributed pattern similar
to that of Nestin expressing cells and this Notch-responsive population appears to be largely
distinct from the Hh-responsive population (Fig. 2.6G). Finally, we observed that larval Nestinexpressing and Hh-responsive cell populations represent largely distinct precursor populations,
but again with a small number of co-expressing cells (Fig. 2.6H arrowheads). Together, these
results show that at least five embryonic cell-cell signaling systems, Hh, Wnt, FGF, RA, and
Notch, persist throughout life and act on distinct radial glia populations in the posterior recess of
the hypothalamus. The presence of a small number of co-labeled cells in double-transgenic larvae
suggests that a subset of cells receive signals from multiple signaling systems, either
simultaneously or sequentially. A schematic summarizing these data and the signaling
environment of the larval posterior recess is shown in Fig. 2.6I.

Figure 2.6. Hh, Wnt, Notch, FGF, and Retinoic Acid signaling in a complex
hypothalamic neurogenic niche.
(A) Sagittal section through the PR of a Tg(GBS-ptch2:NLS-mCherry;TCFSiam:GFP)
double transgenic adult. Hh-responsive cells (red) of the PR are largely distinct from
Wnt-responsive cells (green), however a subset of cells in the dorsal PR contains both
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GFP and mCherry (asterisks). Panels at right show separated channels from the boxed
region. (B) Sagittal section through the hypothalamus showing notch1a expression in the
LR and PR, as visualized by in situ hybridization. (C,D) Sagittal section through the PR
showing expression of the FGF target gene erm (Raible & Brand, 2001) and the retinoic
acid binding protein gene crabp1a ((R. Z. Liu et al., 2005). (E) Schematic of cell-cell
signaling systems of the PR, including four distinct radial glial types that are defined by
reporter gene expression (see Figs. 1-3 for data used to draw Shh-expressing and nestin
expressing cells). (F-H) Ventral views of the 7 dpf hypothalamus of double transgenic
larvae. Dotted lines outline the ventricular regions of the lateral (LR) and posterior (PR)
recesses, and cut views at right show optical Z-sections through the PR at the position of
the yellow dotted line. (F) Larval Hh-responsive cells of the PR are distinct from Wntresponsive cells, as revealed in Tg(GBS-ptch2:NLS-mCherry;TCFSiam:GFP) double
transgenic larva. (G) Hh-responsive and Notch-responsive cells of the PR are also
distinct, as revealed in Tg(GBS-ptch2:NLS-mCherry;tp1bglob:GFP) double transgenic
larva. (H) Hh-responsive cells of the PR are distinct from nestin expressing cells, as
revealed in Tg(GBS-ptch2:NLS-mCherry;nes:EGFP) double transgenic larva. (I)
Schematic ventral view of the larval hypothalamus showing cell-signaling pathways
examined and four distinct radial glial types, as defined by gene expression in fluorescent
reporter lines. pit; pituitary. Scale bars: 20µm.

Hh-responsive cells are pluripotent neural progenitors that give rise to
dopaminergic, GABAergic, and serotonergic neurons
To determine which neuronal subtypes are produced by Hh-responsive progenitors we
crossed Tg(GBS-ptch2:NLS-mCherry) carriers to transgenic lines that express GFP in
dopaminergic, all monoaminergic, GABAergic, or glutamatergic neurons. The
persistence of fluorescent proteins for up to several days after termination of transgene
transcription serves as a short-term lineage tracer and was used by others to demonstrate
that Wnt-responsive cells in the PR give rise to both GABAergic and serotonergic
neurons (X. Wang et al., 2012). Figure 2.7A-C shows the presence of GFP/mCherry
containing cells in double transgenic larvae as follows: Tg(GBS-ptch2:NLSmCherry;slc6a3:EGFP) (labeling Dopaminergic cells, (Xi et al., 2011), Tg(GBSptch2:NLS-mCherry;slc18a2:GFP) (labeling monoaminergic cells (Wen et al., 2008),
and Tg(GBS-ptch2:NLS-mCherry; gad1b:GFP) (labeling GABAergic cells (Satou et al.,
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2013). This indicates that Hh-responsive progenitors can give rise to dopaminergic
neurons (Fig. 2.7A), possibly other monoaminergic neurons (Fig. 2.7B) and GABAergic
neurons (Fig. 2.7C). Co-labeled dopaminergic cells were seen in both the lateral recess
and posterior recess while co-labeled GABAergic cells were restricted to the lateral
recess. In general, mCherry fluorescence was less intense in co-labeled cells, consistent
with diminished quantities of mCherry protein that would be expected if these cells were
no longer actively expressing the GBS-ptch2:NLS-mCherry transgene (i.e. were no longer
Hh-responsive). We did not observe co-labeled cells in Tg(GBS-ptch2:NLSmCherry;slc17a6b:GFP) double transgenic larvae, suggesting Hh-responsive cells may
not give rise to glutamatergic neurons (data not shown). Finally, we used an antiSerotonin antibody to label Serotonergic neurons in the Tg(GBS-ptch2:NLS-mCherry)
line and found co-labeled cells in the PR, suggesting that Hh-responsive cells give rise to
serotoninergic neurons (Fig. 2.7D). Together, these data reveal that Hh-responsive
proliferative precursors are multipotent and can contribute to dopaminergic, serotonergic,
and GABAergic populations in the hypothalamus.
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Figure 2.7. Hh-responsive progenitors of the hypothalamus give rise to
dopaminergic, serotonergic, and GABAergic neurons.
(A) Dopaminergic cells and Hh-responsive cells in the ventral brain, as visualized in a
Tg(slc6a3:EGFP,GBS-ptch2:NLS-mCherry) double transgenic larva. A small subset of
cells express both the GFP and the NLS-mCherry proteins (arrowheads, circle),
suggesting Hh-responsive cells can give rise to dopaminergic neurons. (B)
Monoaminergic neurons and Hh-responsive cells as visualized in a
Tg(slc18a2:GFP,GBS-ptch2:NLS-mCherry) double transgenic larva. Again, a small
subset of cells express both the GFP and the NLS-mCherry proteins (arrowheads),
suggesting Hh-responsive cells can give rise to monoaminergic neurons. (C) GABAergic
neurons and Hh-responsive cells as visualized in a TgBAC(gad1b:GFP, GBS-ptch2:NLSmCherry) double transgenic larva. A small subset of cells express both the GFP and the
NLS-mCherry proteins (arrowheads), suggesting Hh-responsive cells can give rise to
GABAergic neurons. (D) Antibody labeling in a Tg(GBS-ptch2:NLS-mCherry) larval
brain showing Serotonin (5-HT) expression in the ventral hypothalamus. The presence of
double-labeled cells is consistent with Hh-responsive cells giving rise to serotonergic
neurons. (E-F) Ventral views of anti-serotonin antibody labeled 7 dpf larval brains
labeled cells following conditional manipulation of Hh signaling using the Tet-On
transgenic system. (E) Representative single transgenic [Tg(GBS-ptch2:RTTA-HA) or
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Tg(TETRE:shha-mCherry)] sibling larva, identified by the lack of mCherry expression,
showing number of serotonergic cells in the absence of effector transgene activation. (F)
Representative Tg(GBS-ptch2:RTTA,TETRE:shha-mCherry double transgenic larva,
identified by mCherry expression, showing increased numbers of serotonergic cells in the
posterior recess following 2 day activation of the shha-mCherry transgene. (F)
Representative Tg(GBS-ptch2:RTTA,biTETRE:gli2aDR,nls-mCherry) double transgenic
larva, identified by mCherry expression, showing decreased numbers of serotonergic
cells in the posterior recess following 2 day activation of the gli2DR transgene. (H)
Graph showing serotonergic cell numbers, at 5 dpf, 6 dpf, and 7 dpf following 1 or 2 day
activation of the Tet-On system in doxycycline (see diagram at top of graph). Error bars
indicate standard deviation. Sample numbers for each experimental condition are shown
on the graph, with significance determined using a one-way ANOVA. *;p<.05,
***;p<0.001, ****;p<0.0001. (A-G) Show ventral views of dissected brains from 7dpf
larvae to show the hypothalamus. Dotted lines outline the lateral (LR) and posterior (PR)
recesses. Small panels at right in A-D show single channel data for a single optical
section in the boxed regions. hyp; hypothalamus, tel; telencephalon. Scale bars: 20µm.

Hh signaling regulates serotonergic cell numbers in the hypothalamus
To determine if Hh signaling levels influence the generation of serotonergic cells in the
hypothalamus we again employed our Tet-On Hh signaling transgenic lines. To facilitate
antibody labeling, these experiments were terminated at 6 and 7 dpf. To repress Hh
signaling levels in larval fish we crossed fish carrying the GBS-ptch2:RTTA driver
transgene to fish carrying the biTETRE:gli2aDR,NLS-mCherry effector transgene and
applied doxycycline to 5 dpf larvae for 24 or 48 hours to activate transgene expression.
Activation of the Gli2DR transcriptional repressor prevented the addition of additional
serotonergic neurons, with Gli2DR/mCherry expressing double transgenic larvae having
10% and 34% fewer serotonergic cells at 6 dpf and 7dpf, respectively, compared to nonmCherry expressing siblings at these same ages (single-transgenic or non-transgenic)
(Fig. 2.7E,F,H). To activate Hh signaling levels in larval fish we crossed fish carrying
the GBS-ptch2:RTTA driver transgene to the Tg(TETRE:shha-mCherry;myl7:EGFP)
individuals, again adding doxycycline to the resulting larvae at 5dpf to activate transgene
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expression. Consistent with a positive role for Hh in regulating differentiated neuronal
populations in the hypothalamus, activation of Hh/Gli signaling for 24 or 48 hours led to
a 11% and 21% increase, respectively, in serotonergic cell numbers in the PR of double
transgenic larvae relative to non-mCherry expressing siblings (Fig. 2.7G,H). Taken
together, these data indicate Hh signaling is necessary and sufficient to regulate the
numbers of at least this neuronal cell type in the posterior recess of the hypothalamus.

Discussion
Hedgehog signaling regulates neural stem cell proliferation in the adult
hypothalamus
Gli-mediated Hh signaling plays a major role in formation of the hypothalamic-pituitary
axis during embryonic development across vertebrate species (Burbridge, Stewart, &
Placzek, 2016; Corman, Bergendahl, & Epstein, 2018; Devine et al., 2009; Guner et al.,
2008; Sbrogna, Barresi, & Karlstrom, 2003) and a role for Hh signaling in regulating
adult neural stem cell proliferation in the dorsal regions of the mammalian brain is now
well established (Ahn & Joyner, 2005; Ihrie et al., 2011; Machold et al., 2003). Here we
demonstrate for the first time a role for Hh/Gli signaling in adult hypothalamic
neurogenesis. Hh responsive radial glial cells in the ventricular zone of the larval and
adult hypothalamus are relatively rapidly proliferating multipotent neural progenitors that
give rise to dopaminergic, serotonergic, and GABAergic neurons. Finally, conditional
manipulation of Hh signaling revealed that Hh signaling is necessary and sufficient for
driving hypothalamic proliferation and that Hh signaling positively regulates the
production of at least serotonergic neurons in the hypothalamus. Shh expression in DA
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neurons is required for DA neuron function/survival in mice, suggesting conserved Hh
function in this cell type (Gonzalez-Reyes et al., 2012).

While approximately 10% of Hh responsive cells were found to be proliferative in adults,
we also found a substantial number of Hh-responsive cells that retained a BrdU label for
more than a month (Fig. 2.5E). This indicates substantial heterogeneity in the
proliferative rates of Hh-responsive cells that could be due to dose-dependent responses
to Hh ligands and/or cross regulation by as yet unidentified mechanisms. Given the local
and distant sources of Shh in the PR region, Shh producing cells may act as key
modulators of hypothalamic proliferation rates, both globally to support hypothalamic
growth and tissue renewal, and regionally to regulate region specific growth rates and to
control the generation of specific cell types needed for hypothalamic function. Indeed,
loss of Hh signaling in larvae led to both reduced proliferation rates and the reduction in
the size of the serotonergic population. These data suggest that regulation of Hh
signaling levels could play a role in life-long hypothalamic plasticity and function.

Hh-signaling and Hypothalamic Stem Cell Progression
We show that Nestin-expressing radial glia represent a relatively slow cycling progenitor
population that retains BrdU label for one month, thus resembling quiescent/activated
neural stem cells in more dorsal regions of the mammalian brain (Ming & Song, 2011)
(Wang et al., 2011). The fact that a small percentage of nestin expressing cells were also
PCNA positive is consistent with the nestin cells representing an early activated neural
stem cell population (Daynac et al., 2016). In the zebrafish and mammalian telencephalon
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Notch signaling acts to keep stem cells in a quiescent state, with inhibition of Notch
activating these cells as a first step in the stem cell proliferation pathway (Carlen et al.,
2009). We show that Notch signaling is active in the hypothalamic ventricular zone
throughout life and that Nestin-expressing and Notch-responsive cells are distributed
throughout the posterior recess in a pattern that is distinct from the Hh-responsive
population (Fig. 2.6). The relative numbers of cells, proliferation rates, and distribution
of these cell types is consistent with a role for Notch in regulating early steps (e.g.
activation) in stem cell progression (Chapouton et al., 2010), with Hh/Gli then acting
further downstream to control proliferation rates and possibly differentiation (AlvarezMedina, Le Dreau, Ros, & Marti, 2009; Corman et al., 2018; Locker et al., 2006; Palma
et al., 2005).
We observed that a small percentage of nestin expressing cells were Hh responsive, with
relative fluorescent protein intensity consistent with the Hh-response occurring in cells
that previously expressed Nestin. Combined with the finding that Hh-responsive cells are
more highly proliferative than their neighboring nestin-responsive cells, this suggests a
model in which Hh/Gli signaling begins in the activated stem cell population and
regulates subsequent proliferation rates in a Hh-responsive transit amplifying population,
likely acting as a mitogen to regulate cell cycle progression. Hh signaling was recently
shown to shorten G1 and S-G2/M portions of the cell cycle in the mammalian sub
ventricular zone, results that were interpreted as showing a role in neural stem cell
activation (Daynac et al., 2016). However, these mammalian data are also consistent with
a role for Hh signaling in precursor amplification, similar to the role we show here in the
hypothalamus.
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The hypothalamic posterior recess: a complex neural progenitor niche regulated by
multiple signaling molecules
In mammals, Hh, Notch, and Wnt signaling systems have all been shown to remain active
in the adult hypothalamus (Mirzadeh et al., 2017) with FGF-signaling linked to postnatal
hypothalamic proliferation and affecting energy balance and appetite (Robins et al.,
2013). We and others have now shown that Wnt, Hh, Notch, FGF, and RA signaling
systems are all active in the hypothalamic ventricular zone of larval and adult zebrafish
(this study, (Guner et al., 2008; Shearer et al., 2010; Topp et al., 2008; X. Wang, Lee, &
Dorsky, 2009), indicating this region represents a complex and heterogeneous signaling
environment similar to mammalian stem cell niches (Chaker et al., 2016). Our data
demonstrating that Wnt, Hh, and Notch signaling act on distinct but overlapping
populations of radial glia (see Fig. 2.6) reveals heterogeneity in progenitor populations
and suggests distinct, possibly sequential functions in regulating activation and
proliferation of precursors. Given the importance of adult neurogenesis in hypothalamic
function, it will now be important to explore the relative roles of these signaling
molecules in regulating neurogenesis.

Wnt signaling was previously shown to play a role in neurogenesis within the zebrafish
hypothalamic ventricle {Wang, 2009 #2588;Wang, 2012 #4428}, with Wnt signaling
affecting neuronal differentiation and possibly activation of quiescent stem cell
populations, but with little evidence for Wnt signaling in controlling proliferation rates
(Duncan et al., 2016). In other systems Hh and Wnt signaling pathways are known to act
on proliferation in the same cells (Alvarez-Medina et al., 2009). While expression
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profiles suggest the Wnt and Hh/Gli signaling systems may act on distinct radial glia in
the hypothalamus, our finding that a small number of cells are co-labeled in the Wnt and
Hh reporter lines is consistent with sequential action of Wnt and Hh signaling, with Wnt
acting on the early activation of quiescent cells, followed by Hh regulating the level of
progenitor amplification prior to differentiation. The results presented here set the stage
for detailed analyses of how these multiple signaling pathways combine to regulate stem
cell activation, proliferation, and differentiation of distinct neural stem cell populations.

Adult neurogenesis and hypothalamic function
A number of studies have now linked proliferation in the hypothalamus to distinct
hypothalamic functions, including regulation of energy metabolism (Kokoeva et al.,
2005; Kokoeva, Yin, & Flier, 2007), anxiety in zebrafish (Xie et al., 2017) and seasonal
reproductive changes in sheep (Migaud et al., 2011). These changes in proliferation rates
must be tightly regulated in response to season or changing metabolic needs. Sonic
Hedgehog and other embryonic cell-cell signaling systems are positioned as possible
mediators of short-term plasticity in neuronal populations that contributes to homeostasis.
Since HP axis function relies on the regulated output of a large number neurosecretory
cells, regulating cell numbers of distinct populations may be an important component of
normal HP axis homeostasis. Consistently, hypothalamic pro-opiomelanocortin (POMC)
populations were shown to change in response to altered temperature, impacting feeding
(Jeong et al., 2018). Similarly, regulating dopaminergic neuron numbers could affect
responses to osmotic challenges (N. A. Liu et al., 2006) while changes in serotonergic
neuronal populations may be linked to stress responses (Xu et al., 2019). Our data add to
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a growing body of evidence that link embryonic cell-signaling systems to the regulation
of adult neuronal populations needed for life-long homeostasis and metabolic health, with
coordinated mitogenic activity among these multiple signaling systems potentially
underlying adult hypothalamic plasticity critical for the vertebrate response to metabolic
challenges.

Materials and Methods
Animals
Zebrafish were maintained as described previously (Kimmel et al., 1995) in compliance
with the University of Massachusetts, Amherst, Institutional Animal Care and Use
Committee protocols. Wild type lines used were TL and AB. Transgenic lines used are
listed in table 1.1.

Table 1.1: Transgenic Lines Used in this study
Transgenic Line
Tg(GBS-ptch2:EGFP)umz23Tg
Tg(GBS-ptch2:NLS-EGFP)umz24Tg
Tg(GBS-ptch2:mCherry)umz26Tg
Tg(GBS-ptch2:NLS-mCherry)umz27Tg
Tg(hsp70l:shha-EGFP)umz30Tg
Tg(hsp70l:gli1-EGFP)umz31Tg
Tg(hsp70l:gli2aDR-EGFP)umz33Tg
Tg(GBS-ptch2:RTTA-HA)umz39Tg
Tg(actb2:RTTA-HA;myl7:EGFP)umz40Tg
Tg(TETRE:shha-mCherry;myl7:EGFP)umz41Tg
Tg(biTETRE:gli1,NLS-mCherry)umz42Tg
Tg(biTETRE:gli2aDR,NLS-mCherry)umz43Tg
Tg(-2.7shha:GFP)t10Tg
TgBAC(nes:EGFP)tud100Tg
Tg(Tp1bglob:eGFP)um13
Tg(gfap:GFP)mi2002
Tg(slc6a3:EGFP) aka Tg(DAT:gfp)
Tg(7xTCF-Xla.Siam:GFP)ia4
Tg(slc18a2:GFP) or Vmat2:GFP
Tg(slc17a6b:DsRed)nns9 aka Vglut:dsRed
TgBAC(gad1b:GFP)nns25

Reference

(Shen et al., 2013)
(Shen et al., 2013)
(Shen et al., 2013)
(Shen et al., 2013)
(Shen et al., 2013)
(Shen et al., 2013)
(Shen et al., 2013)
This paper
This paper
This paper
This paper
This paper
(Neumann & Nuesslein-Volhard, 2000)
(Ganz et al., 2010)
(Parsons et al., 2009)
(Bernardos & Raymond, 2006)
(Xi et al., 2011)
(Moro et al., 2012)
(Wen et al., 2008)
(Satou et al., 2013)
(Satou et al., 2013)
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Generation of Tet-On Hedgehog-pathway manipulation transgenic lines
Transgene constructs were constructed using Gateway cloning system. The destination
and entry clones containing EGFP or mCherry were from the zebrafish Tol2kit systems
(Kwan et al., 2007; Villefranc, Amigo, & Lawson, 2007). Entry clones for the Hhpathway specific elements are described in (Shen et al., 2013) and entry clones with TetOn system elements were generously provided by the Jensen lab (Campbell et al., 2012).
Briefly, 25 pg of purified plasmid DNA was injected to one- to two-cell zebrafish
embryos with 25 pg of transposase mRNA. Injected fish were raised to adulthood and
out-crossed to wild-type individuals to identify potential founder fish. The transgenic fish
containing the myl7:EGFP transgene were identified by GFP expression in heart; other
lines were PCR genotyped using the primer sets shown in Table 1.2.
Table 1.2: Primers used in this study
Transgenic line
Tg(GBS-ptch2:RTTA-HA)umz39Tg

Amplicon
RTTA-HA

Tg(biTETRE:gli1,NLSmCherry)umz42Tg
Tg(biTETRE:gli2aDR,NLSmCherry)umz43Tg

mCherry

Primers
Fw 5’-GAATTCACCATGTCTAGACTGGACA-3’
Rv 5’-CTAACTGTCGACAGCGTAATCTGG-3’
Fw 5’-CCAAGCTGAAGGTGACCAAG-3’
Rv 5’-CTTGTAGATGAACTCGCCGTC-3’
Fw 5’-CCAAGCTGAAGGTGACCAAG-3’
Rv 5’-CTTGTAGATGAACTCGCCGTC-3’

mCherry

Tissue preparation, sectioning, imaging, and cell counts
Larvae and adults (heads only) zebrafish were anesthetized using tricaine
methanesulfonate (Sigma-Aldrich), and fixed overnight in 4% paraformaldehyde (PFA)
at 4 C. For tissue sectioning, samples were washed three times in PBS/0.1% Tween
(PBST), placed in embedding media (1.5%agar, 5%sucrose), incubated in 30% sucrose
solution overnight at 4C, and 20m sections were cut using a Leica CM 1950 cryostat.
Larval brains were dissected after fixation and mounted in 25% glycerol. Imaging was
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performed using a Zeiss Axioskop 2 Apotome or LSM 700 laser scanning confocal
microscope. Images are single optical planes except where noted. For lightsheet imaging,
adult brains were fixed overnight in the cranium, dissected, embedded in acrylamide gel
and cleared as in (Isogai et al., 2017). Lightsheet images were collected as optical
sectioned z-stacks using a Zeiss Lightsheet Z1. Cell numbers and fluorescent intensity
were quantified manually using ImageJ software (NIH) on single optical sections. Cells
were outlined and the mean fluorescent intensity for each cell was calculated by drawing
a circle of defined area through the brightest plane containing the nucleus.

Cyclopamine (CyA)
3-7 day old larvae were exposed to 75-100μM cyclopamine (Toronto Chemical)
(Incardona et al., 1998) by adding 10 μl of 10 mM stock solution (CyA dissolved in
DMSO) to 1 ml of embryo rearing medium (Westerfield, 2007) in 12 well tissue culture
plates (~10 larvae/well) at 28.5 °C. Control larvae were treated with equal volumes (10
μl) of DMSO. Adults were injected intraperitoneally with a concentration of 0.2mg/ml in
a volume of 25 µl (10 mg/kg) CyA in DMSO (Reimer et al., 2009). Control animals were
injected with DMSO.

Conditional Gene activation using the Tet-On system
Progeny derived from adults carrying an RTTA-encoding driver transgene (Tg(GBSptch2:RTTA-HA)) or Tg(actb2:RTTA-HA;myl7:EGFP) and a TRE-containing effector
transgene (Tg(TETRE:shha-mCherry; myl7:EGFP), Tg(biTETRE:gli1,NLS-mCherry) or
Tg(biTETRE:gli2aDR,nls-mCherry) were sorted by GFP expression in the heart
(myl7:EGFP transgene containing lines). RTTA-mediated gene expression was activated
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in 3-4 dpf larvae by adding 50µg/mL (final concentration) doxycycline to system water
(commonly used embryo media contained calcium and magnesium and can cause
precipitation of doxycycline). Doxycycline-containing water was replaced every 12
hours. Double transgenic embryos were identified by the presence of mCherry
fluorescence using a Leica fluorescent dissecting microscope.

Bromodeoxyuridine (BrdU) and Ethynyldeoxyuridine (EdU) Labeling
3-7 day old larvae were bathed in 10mM BrdU or 3.3mM EdU for 1-3 hours, while adults
were bathed for 2 days in 10 mM BrdU dissolved in 0.5% DMSO. Stocks solutions were
100mM and 33.3mM, respectively. Following fixation in 4% PFA BrdU was detected in
tissue sections using the rat anti-BrdU (Abcam) or mouse anti-BrdU G3G4
(Developmental Studies Hybridoma Bank) antibodies at dilutions of 1:300 and 1:10,
respectively. EdU was detected in fixed, dissected larval brains as described in the ClickIt EdU Labeling kit (Invitrogen).

Immunohistochemistry and in situ hybridization
Whole-mount larval immunohistochemistry was performed as in (Guner & Karlstrom,
2007) with a few changes. For anti-PCNA labeling dissected whole larval brains were
incubated in 1x Histo-VT One (Nacalai Tesque) for 60 min at 65 °C as in (Than-Trong et
al., 2018). For anti-serotonin labeling dissected brains were digested in 60ug/ml
proteinase K for 30 minutes at room temperature before proceeding for whole mount
immunohistochemistry. Immunohistochemistry on sectioned larval and adult tissue was
performed as in (Barresi, Hutson, Chien, & Karlstrom, 2005). Primary antibodies used
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were: rabbit anti-serotonin (1:1000, #20080, ImmunostarInc, WI, USA), mouse antiS100β (1:500, #S50430-2, Dako/Agilent, CA, USA), rabbit anti-BLBP (1:300 #ABN14,
MilliporeSigma, MA, USA), mouse anti-Sox2 (1:200, #S1451 Sigma Aldrich, MA,
USA), rabbit anti-PCNA (1:50, #FL-261, Santa Cruz, Texas, USA), mouse anti-PCNA
(1:500 Sigma, #p8825, MilliporeSigma, MA, USA), mouse anti-GFP (1:100, #MA515256, ThermoFisher Scientific, MA, USA), rabbit anti-GFP (1:500, #TP401, Torrey
Pines Origene Technologies, Inc, MD, USA or #A-11122 ThermoFisher Scientific, MA,
USA for), mouse anti-HuC/D (1: 300, #A-21271 ThermoFisher Scientific, MA, USA),
rabbit anti-GFAP (1:200 gift from Nona lab). Secondary antibodies raised in goat were
used at a 1:1000 dilution. in situ hybridization was performed as described previously
(Shen et al., 2013). Probes used were: notch1a (Raymond, Barthel, Bernardos, &
Perkowski, 2006), erm (Raible & Brand, 2001), crabp1a (R. Z. Liu et al., 2005), shha
(Krauss, Concordet, & Ingham, 1993), ptch2 (Concordet et al., 1996), and gli1, gli2a,
and gli3 (see (Devine et al., 2009).

Statistical Analyses
Statistical analyses were done using Prism GraphPad software. For experiments
involving two groups, treatment groups were compared using a Student’s t-test. A oneway ANOVA with Tukey’s multiple comparison was used to determine statistical
significance for multiple comparisons. Sample size was not pre-determined by statistical
methods, but was based on similar studies in the field. For all experiments animals from
the same clutch were randomly assigned to experimental conditions prior to
manipulations, with adult animals also being chosen based on similarity in standard
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length at the beginning of the experiment. Cell numbers are represented as mean 
standard deviation, with statistical significance indicated in figures as *;p ≤ 0.05, **;p <
0.01, ***;p < 0.001, ****;p < 0.0001. Exact p values as well as source data (cell counts)
can be found in the additional materials.
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Legends for Videos (https://www.biorxiv.org/content/10.1101/740613v1
Video 1. Hedgehog signaling in the adult brain as revealed by whole brain light
sheet imaging: optical sections from posterior to anterior.
This movie shows optical sections through the 9-month old Tg(GBS-ptch2:NLSmCherry;shha:GFP) adult brain shown in figure 1B. Sonic hedgehog producing cells are
visualized in green and Hedgehog responsive cells are seen in red.
Video 2. Hedgehog signaling in the adult brain as revealed by whole brain light
sheet imaging: Rotating 3-dimensional view.
This movie shows a rotating 3-Dimensional view of the 9-month old Tg(GBS-ptch2:NLSmCherry;shha:GFP) adult brain shown in figure 1B. Sonic hedgehog producing cells are
visualized in green and Hedgehog responsive cells are seen in red.
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CHAPTER 3
HETEROGENEITY IN PROLIFERATIVE BEHAVIORS OF FIVE DISTINCT
RADIAL GLIAL PROGENITORS IN THE VENTRICULAR ZONE OF THE
ZEBRAFISH HYPOTHALAMUS
Abstract
The characterization of the cellular residents in a neurogenic niche is necessary to fully
understand how progenitor cells regulate the production of new neurons through a
process known as neurogenesis. In this chapter, I undertake a comparative study of the
relative proliferation behaviors of five progenitor cell subtypes (Nestin-expressing,
Shh-producing, Hh- responsive, Notch-responsive and Wnt-responsive) that are
maintained within the ventricular regions of the larval zebrafish hypothalamus. By
using transgenic reporter lines that delineate these progenitor subtypes, and
immunohistochemistry techniques I document for the first time the heterogeneity in the
proliferative behaviors of these five cellular progenitor populations of the larval
zebrafish hypothalamus. I find that Nestin-expressing and Wnt- responsive cells
represented slow cycling populations while Notch-responsive cells represented a faster
cycling population than Shh-producing cells and Hh- responsive cells represented the
more proliferative population suggesting a key role for Hh/Gli signaling in regulating
hypothalamic growth rates during larval stages.

Introduction
Neurogenesis in the vertebrate brain takes place within specialized and well-defined
micro- environments called stem cell niches (Ming and Song, 2011). This process is
initiated by the proliferation of progenitor/stem cells that reside in these niches. In the
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previous chapter, we show that the ventricular regions of the zebrafish hypothalamus
house at least five progenitor cell types that respond to the major developmental
signaling molecules. These progenitor cells are central to the neurogenesis process;
leading to the generation of different hypothalamic neuronal subtypes needed for
hypothalamic function throughout life. Indeed, a recent publication (Paul et al., 2017)
demonstrates that hypothalamic proopiomelanocortin neurons control activation of a
subset of neural stem cells (NSCs) in the ventricular-subventricular zone (V-SVZ) in
response to physiological needs of the body such as feeding. Moreover, studies in
mammals (Yoo and Blackshaw, 2018) and zebrafish (Xie et al., 2017) suggest new
hypothalamic neurons being involved in body weight homeostasis, energy balance and
behavioral function such as anxiety underscoring the importance of hypothalamic
neurogenesis in hypothalamic function.
The stem cell niches, including the recently identified hypothalamic niche,
harbor heterogeneous subpopulations of progenitor/neural stem cells (Gosh et al., 2019;
Chaker et al., 2016; Obernier and Alvarez-Buylla, 2019). Progenitor/neural stem cells
are undifferentiated cells neural cells that are defined based on their extensive
replicative potential, ability to differentiate into multiple neuronal and glial cell types
and their capacity for long-term self-renewal (Andreotti et al., 2019). Although
proliferative capacity is a key feature of NSCs, a hallmark of progenitor neural stem
cells is also the ability to stay dormant for long periods of time. This provides a
reservoir of quiescent pool of radial glial (RG) cells available for neurogenic
production during brain growth, tissue renewal, periods of differential physiological
demands (Daynac et al., 2013; Llorens-Bobadilla et al., 2015; Mich et al., 2014; Gosh
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et al., 2019). Indeed, misregulation or premature loss of quiescence could result in the
early proliferation of NSCs thus leading to a fast depletion of the progenitor pool
(Ottone et al., 2014; Mira et al., 2010).

Stage-specific cellular markers along with the use of transgenic animals
have enabled the identification of quiescent and proliferating NSCs within
different neurogenic niches (Fig 1.2). For example, the antibodies to the
neurofilaments Nestin (Gilyarov, 2008) and glial fibrillary acidic protein,
GFAP, distinguish between the label-retaining slow cycling NSCs and
activated neural stem cells (Chaker et al., 2016). Sox2, a member of the Sox
family of transcription factors, marks undifferentiated progenitor/neural cell
cells in both the embryonic and adult stages (Suh et al., 2007). Antibodies to
the Proliferating Cell Nuclear Antigen (PCNA), label cells in the G1, S, and G2
of the cell cycle and are used to label a subgroup of actively dividing/transit
amplifying cells (TACs) (Zhang and Jiao, 2015). A combination of these
molecular markers can also be utilized in order to distinguish between subsets
of NSCs.

Several studies have reported the presence of both quiescent or slowly diving
cells and activated or actively diving neural stem cells present within different
neurogenic niches of the vertebrate brain, including the hypothalamus (Berg et al.,
2018). For example, in the zebrafish cerebellum, Nestin-expressing progenitors, a
hallmark of quiescence state, co-exist with more proliferative progenitors (Kaslin et
al., 2009). In the adult mammalian ventricular-subventricular zone, quiescent and
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activated NSCs have astrocyte-like phenotypes and express glial fibrillary acidic
protein, GFAP, and the astrocyte-specific glutamate transporter, GLAST (Doetsch
et al., 1999) and give rise to different types of neurons and glial cells. In the zebrafish
hypothalamus, we show that Nestin-expressing cells, a quiescent population of
progenitor cells, reside adjacent to Hh-responsive cells that are faster cycling
progenitors (Male et al., 2019, in review). These studies highlight the delicate balance
that is maintained between the quiescence and proliferative states of NSCs that is
essential for the long-term maintenance in the neurogenic niche.
There are three reported proliferative zones in the mammalian hypothalamus
(Yoo and Blackshaw, 2018). Zone one represents the dorsal part of the
hypothalamus and houses alpha 1 neural stem cells or tanycytes, that after an IGF-1
stimulus were shown ti induce tanycytes to originate neurons and astrocytes in the
adjacent parenchyma. Zone two, located below zone one, houses alpha 2 tanycytes
that after a FGF2 stimulus were shown to activate the symmetric self-renewal of
dorsal alpha 2 tanycytes that then go on to give rise to neurons and astrocytes. And
lastly, zone three, also known as the hypothalamic proliferative zone, is located in
the adjacent median eminence with tanycytes proliferating symmetrically and
giving rise to neurons (Yoo and Blackshaw, 2018).
In the last two decades the zebrafish (Danio rerio) gained popularity as a model for
studying neurogenesis owing to its robust neurogenic capacity throughout life and
experimental accessibility (Than-Trong and Bally-Cuif, 2015). Cell proliferation in the
zebrafish brain continues throughout larval and adult stages in 16 distinct neurogenic niches
(Chapouton et al., 2007), that in comparison to their mammal counterparts that exhibit
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lifelong neurogenesis in only two restricted neurogenic niches, it provides new neurons to
every major brain division. Additionally, the availability of transgenic reporter lines allows
for characterization of proliferative behaviors of different cell types in different neurogenic
niches and the ease of experimental accessibility due to embryonic and early larval
transparency provide a powerful model to probe the unique cellular and molecular profiles of
these different progenitor/neural stem cell in order to better understand the role of different
NSCs subpopulations in brain growth and possibly function. With heterogeneity in the
progenitor/neural stem population being hypothesized as to reflect varying capacities for
neurogenesis this chapter investigated the relative proliferative behaviors of five precursor
cell types present in the larval zebrafish hypothalamus. My working hypothesis and
predictions were as follows:
Hypothesis: Distinct progenitor/neural stem cells have different relative
proliferative behaviors in the ventricular zones of the hypothalamus with Hh signaling
influencing the proliferative rates of Hh-responsive cells. Predictions: Hh-responsive cells
represent the most proliferative population as assayed by PCNA and EdU incorporation.
Notch-responsive and Shh-expressing populations should be less proliferative than Hhresponsive population. Lastly, Nestin-expressing and Wnt-responsive cells represent the
non-proliferative or quiescent populations.
I find that Hh-responsive cells represent the most proliferative population of progenitor cells
(approximately 70%), followed by Notch-responsive cells (approximately 20%) and Shhproducing cells (approximately 10%). Wnt-responsive cells are largely non-proliferative in
this brain area. These results support my working hypothesis that Hh signaling influences
the proliferative rates of Hh-responsive cells.
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Results
Hedgehog responsive cells are highly proliferative relative to other hypothalamic
radial glia
In order to more completely characterize the progenitor cells that reside in the larval
hypothalamus we employed a combination of transcriptional reporter lines with PCNA
antibody labeling. At 7- days-post-fertilization (dpf), we found that Hh-responsive, Shhproducing, Wnt-responsive, Notch-responsive and Nestin-expressing were present in both
the lateral and posterior recess (PR and LR, respectively) of the hypothalamus. We
additionally found that at this larval stage, Hh-responsive progenitors have the highest
percentage of proliferative progenitors, with 52%, followed by Notch- responsive
population was less proliferative at 18% followed by Shh-producing with 11% while
Nestin-expressing and Wnt-responsive represent a slow-cycling population of progenitor
cells (Table 3.1). Whole mount data for Wnt-responsive population were similar to tissues
sections where these cells were not proliferative in the posterior recess of the hypothalamus,
where most of the Wnt-responsive cells reside (inset). However, wholemount data for Hhresponsive cells showed a 39% of cells being proliferative in the lateral recess but no
proliferative Hh-responsive cells were observed in the PR (data not shown). Most of the
data supported our hypothesis that Hh-responsive cells represented a faster cycling
population (Fig 3.1).
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Table 3.1: Coexpression percentage of PCNA with transgenic reporters. Cells were
counted from confocal Z-projections of at least 3 larvae brains. The entire posterior and lateral
recesses as defined anatomically were counted.
7dpf
Nestinexpressing
Wntresponsive
Notchresponsive
Shhproducing
Hhresponsive

LR
1/77 =
1%
0/53

PR
0/94

Total
1%

1/233

0

15/80 =
19%
48/319
= 15%
281/543
= 52%

16/92 18%
= 17%
6/54 = 14%
11%
98/189 52%
= 52%
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Figure 3.1: Hh-responsive cells in larval hypothalamus are the fastest dividing
progenitors. (A-E) Representative confocal microscopy images of sagittal sections of
each population of progenitors as assayed by PCNA labeling A)Nestin-expressing B)
Wnt-responsive C)Shh-producing D) Notch-responsive E)Hh-responsive. F)
Quantification of % PCNA positive progenitor/neural stem cells. Data represented as
means ± SEM, n = 3 fish, 12 sections for Nestin-expressing and Notch-responsive, 11
sections for Wnt-responsive, 10 sections for Hh-responsive and 8 sections for Shhproducing. Anterior to the left. Boxed areas were at the posterior recess (PR) in A, B
and D and in the lateral recess (LR) in C and E. All panels show 0.5 μm single optical
sections of 20 μm tissue sections. Scale bars: 20 μm.

We next sought to further investigate whether these five progenitor population also had
different functional properties. We administered the thymidine analog 5-Ethynyl-2’deoxyuridine (EdU) in fish water for 4hrs, and sacrificed them 24 hr later to assess the
relative proliferation profiles of Hh-Responsive, Shh-Producing, Notch-Responsive,
and Wnt-Responsive cells in the Posterior Recess (PR) and Lateral Recess (LR) of the
hypothalamus by PCNA a n d E d U labeling (Fig. 2 H-L). First we analyzed PCNA
positive progenitors in order to compare with the above only PCNA experiment.
Approximately 60% of Hedgehog-Responsive cells in the PR were PCNA positive
compared to approximately 20% of Notch-Responsive cells and 10% of ShhProducing cells (Fig. 2 I,J,L). We failed to identify any PCNA positive WntResponsive cells in the posterior recess (Fig. 2 K,L), consistent with the low
proliferation rate for these cells previously reported (Duncan et al., 2016). These
analyses also revealed the lateral recess to be highly proliferative relative to the
posterior recess (Fig. 2H-K), consistent with the major growth this lobe undergoes
relative to the PR during larval stages (Fig 3 A-C). Together, these analyses reveal
striking differences in proliferative profiles among radial glia in the posterior recess.
Based on low levels of PCNA labeling, nestin-expressing and Wnt-Responsive radial
glia may represent relatively slow cycling populations, while the Hh-responsive
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populations of the PR and LR represent a much more proliferative progenitor cell
population that may account for the majority of hypothalamic growth in larvae and
may represent a Type III or transit amplifying population.

Figure 3.2: Hh-responsive progenitors are faster cycling progenitors (H-K)
Representative images of PCNA labeling in single confocal optical sections
from sagittal sections through the hypothalamus in 7 dpf larvae expressing four
different transgenes. Top panels show merged images (transgene reporter +
PCNA + DAPI) and bottom panels show single channels. (H) In Tg(GBSptch2:nlsmCh) larvae over 60% of nlsmCherry expressing cells in the
hypothalamic ventricular regions are labeled with the PCNA antibody
(arrowheads) (n=12 sections from 3 larvae). (I) Shh producing cells were
predominantly found in the posterior recess (dotted oval). Approximately 10%,
arrowheads expressed PCNA (n=15 sections from 3 larvae). (J) Notch
responsive cells, as revealed in the Tg(Tp1bglob:GFP) line, were also localized
to the PR (oval) with approximately 24%, arrowheads (n=11 sections from 3
larvae). (K) Wnt-responsive cells are confined to the posterior recess (oval).
No cells expressed PCNA (n=18 sections from 3 larvae). (L) Graph showing
the percentage of each transgene-expressing cell type found to also express
PCNA. Anterior to the left. Data represented in ± SEM. All panels show 0.5 µm
single optical sections of 20µm tissue sections. Scale bars: 20µm.
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Figure 3.3: C o m p a r i s o n o f a re a s in 3 a n d
7 d p f l a r v a e. (A-B) Representative images of
DAPI labeling in single confocal optical sections
from w h o lemo u n t v en tr a l im ag es o f the
hypothalamus in 3dp f (n = 3 w ho lemoun t
larv ae, to p p an el) and 7 dpf larvae (n = 3
whole mount larvae, bottom panel). Inset in A
shows the line outlining the total area of the brain.
B) Inset shows the line outlining the LR area. (C)
Graph showing co mp ar iso n o f th e r atio o f
d iff er en t ar eas measu r ed bo th 3 d pf an d 7
d p f . Anterior to the left. Data represented in
± SEM. Scale bars: 20µm. Hyp, hypothalamus; LR,
lateral recess, PR, posterior recess, Tel,
telencephalon, Area, total area as measured by the
inset in A. *p<0.05. **p<0.01 by Student’s t test.

In order to begin to understand the mechanism of action of Hh signaling we analyzed the
four subpopulations of cells for each of the progenitor/neural stem cell populations (Table
3.2). More specifically, we expected to see the following: Type 1: EdU+/PCNA+ cells
were in the S-phase of the cell cycle during the EdU pulse. These cells did not progress
through S-phase/early G2 after the 20hr chase or they did a full cell cycle and came back
to G1/S/early G2 or S-phase re-entry. Type 2: EdU+/PCNA- cells were in the S-phase
during the EdU pulse, then progressed past G2 in the chase. They could be in late G2,
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early G1 or G0 or cell cycle exit. Type 3: EdU-/PCNA+ cells were not in the S-phase
during EdU treatment, but were in G1, G2 or early G2 when fixed. Type 4: EdU-/PCNAcells could be in late G2, M early G1 or in G0 during the 24 hour experiment (Fig 3).
G0

PCNA
EdU

M
G2

G1

S

Figure 3.4. Cell cycle labels. PCNA labels cells in G1, S, G2 phases of the cell
cycle. EdU labels cells in the S-phase of the cell cycle. The relative cell cycle
speed of a progenitor population can be inferred by calculating the proportion of
cells residing in S-phase (EdU-positive) within the total number of cycling cells
(PCNA-positive).
As hypothesized, the overall number of proliferative PCNA+/EdU+ labeled cells was
higher in the Hh-responsive population than in the other populations. However, Notchresponsive and Shh-producing populations retained some mitotic potential (Fig 4. E-F)
and incorporated EdU although with a lower frequency. Similarly to previous reports
(Wang et al., 2012) we found that Wnt-responsive progenitors were mostly nonproliferative with a frequency of EdU incorporation of 2%.
Table 3.2: Total quantifications for larval hypothalamus (LR+PR) for each
subpopulations of cells in the four progenitor/neural stem cell populations.
Cell Type
Description
Shh-S + (%) Hh-R + (%) Tp1 + (%)
Wnt + (%)
Type 1
PCNA+/EdU+ 65/528 = 12% 604/900 =
86/368 = 23% 0
67%
Type 2
PCNA+/EdU- 38/528 = 7% 33/900 = 4% 43/368 = 12% 5/595 = 1%
Type 3
PCNA-/EdU+ 0
0
0
0
Type 4
PCNA-/EdU- 428/528 =
263/900 =
239/368 =
503/595 =
81%
29%
65%
99%
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Figure 3.5: Hh-responsive progenitors are faster cycling progenitors as
shown by 24h pulse chase experiment (A-D) Representative images of PCNA
and EdU labeling in single confocal optical sections from sagittal sections
through the hypothalamus in 7 dpf larvae expressing four different transgenes.
Boxed areas are at the PR and LR. White arrows point to PCNA+/EdU+ double
labeled cells. Yellow arrows point to PCNA+/EdU- cells. Top panels show
merged images (transgene reporter + PCNA + EdU + DAPI) and side panels
show single channels. (A) In Tg(GBS-ptch2:nlsmCh) larvae over 60% of
nlsmCherry expressing cells in the hypothalamic ventricular regions are labeled
with the PCNA antibody + EdU (white arrows) (n=12 sections from 3 larvae).
(B) In the Tg(Tp1bglob:GFP) larvae approximately 24% of Notch-responsive
cells were PCNA and EdU double labeled (n=11 sections from 3 larvae). (C)
Wnt-responsive cells are mostly confined to the posterior recess (box) with
almost no double labeled cells(n=18 sections from 3 larvae). (D) Shh
producing cells were predominantly found in the posterior recess (dotted box).
Approximately 12%, expressed PCNA and incorporated EdU (n=15 sections
from 3 larvae (E) Graph showing the percentage of each cell type obtained from
this experiment. Of note is that there were no PCNA-/EdU+ cells in any of the
four transgenes. (F) Q u an tif icatio n o f r e - en tr y in to th e cell cy cle o f
N S Cs (P C NA an d EdU d ou b le p os itiv e NSC s ) . Anterior to the left.
Data represented in ± SEM. All panels show 0.5 µm single optical sections of
20µm tissue sections. Scale bars: 20µm.
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My results from the short EdU pulse (4h) followed by the short chase time (20h) in
combination with the detecting proliferation marker PCNA, further suggest that Hhresponsive cells are a rapidly proliferating, transit amplifying population of progenitor
cells. These cells (67%) retained the S-phase label at the end of the experiment while
remaining in the ventricular zone of the hypothalamus. In comparison 81% of Shhproducing cells, 65% of Notch-responsive cells and 99% of Wnt-responsive cells were
PCNA-/EdU- suggesting most of the ventricular hypothalamic precursors proliferate
more slowly, representing mostly quiescent subpopulations of progenitor cells. This
experiment failed to observe PCNA-/Edu+ cells in all the subpopulations studied
underscoring the need for a longer pulse-chase experiment. Taken together, these
experiments suggest that Hh-responsive cells represent the most proliferative cell type
and that the hypothalamic ventricular region contain several progenitor subpopulations
that differ in their speed of division.
Discussion
Newborn neurons have been described in the hypothalamus (Yoo and Blackshaw, 2018). It
is suggested that these hypothalamic neurons can integrate in neural pathways and
contribute to physiological processes, like energy balance regulation (Yoo and Blackshaw,
2018). However, little is known about the underlying signaling mechanisms of these
physiological stimuli and more studies are needed to unravel the complete mechanisms of
neurogenesis in the hypothalamus. This work began to show Hedgehog signaling playing a
vital role in hypothalamic neurogenesis. We show that the posterior and lateral recesses of
the hypothalamus are a complex radial glia niche where radial glial responsive to the
different signaling pathways (Hh, Wnt, Notch) form intermingled but largely non-
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overlapping populations with different proliferative profiles in the larva zebrafish. From our
PCNA labeling experiment we show that Hh-responsive cells represent a greater proportion
of proliferative cells in comparison to the other four cell types. Additionally, we demonstrate
that similarly to the adult stages, Hh-responsive cells represent a faster proliferative
population of radial glia in comparison to Notch-responsive population. Wnt-responsive
and Nestin-expressing subpopulations represent a quiescent population of neural stem cells.

While the entire zebrafish brain undergoes rapid growth during larval stages, some regions
grow more rapidly than others as the brain taken on its mature morphology (Chapter 2 Fig
1A). Within the larval hypothalamus, the lateral recess extends laterally and posteriorly and
eventually surrounds the posterior recess in as the brain grows (Fig 3A,B). Indeed, the
lateral recess grows more in comparison to the posterior recess (Fig 3C) and this growth
might be contributed to LR containing relatively more proliferative Hh-responsive cells than
the PR (data not shown), consistent with Hh signaling helping regulate this regional growth.
Together, these data point to a major role for Shh/Gli signaling in regulating
hypothalamic growth rates during larval stages, with a continued role in regulating
hypothalamic neurogenesis throughout life.
Within each brain region, selective regulation of proliferation and differentiation
among distinct precursor populations provides a mechanism for controlling the
numbers of specific neural and glial cell types, and Wnt signaling was shown
previously to play an important role in neurogenesis within the posterior recess of
the zebrafish hypothalamus (Wang et al., 2012; Wang et al., 2009). We have now
defined several additional distinct progenitor populations within the posterior recess
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based on their response to Hedgehog, Notch, and Wnt cell-cell signaling systems
and shown that these different progenitor populations have distinct proliferative
profiles. Hh-responsive cells are by far the most proliferative (approximately 70%
PCNA positive), followed by Notch-responsive cells as assayed in the
Tg(Tp1gblob:GFP) line (approximately 20%) and Shh producing cells
(approximately 10%). Wnt responsive cells appeared to be largely nonproliferative, consistent with previous reports (Duncan et al., 2016).

The substantial increase in the number of EdU and PCNA labeled Hh-responsive cells
together with the changes in neurogenesis observed when Hh signaling is manipulated
(chapter 2, fig 5K) suggests that these cells might be the source of the newborn
neurons seen in this brain area. Additionally, the co-existence of Shh-producing and
Notch-responsive pool of progenitors that have different proliferative profiles along
with quiescent Wnt-responsive cells raise an exciting possibility about the identity and
role of these cells. First, rather than different proliferative states of the same cell, it
may be that different subsets of very slow (Wnt-responsive), intermediate (Notchresponsive) or relatively fast dividing NSCs exits in the ventricles of the
hypothalamus. Second, the very small number of co-labeled progenitors by Notchresponsive and Hh-responsive cells observed in chapter 2, figure 2.6F,G,H might hint
at the dynamic and cells constantly drifting to a new stage of differentiation suggesting
that these cells might be in a transitional stage.
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Figure 3.6. Summary of proposed roles of Shh, Notch and Wnt
signaling in the zebrafish hypothalamus. Hh regulates G1/S and G2/M
transition via Cyclins (D,B) and possibly plays a role in cell cycle exit.
Additionally Wnt responsive cells are not proliferative suggesting a role for
Wnt signaling in both maintaining an undifferentiated by blocking G1/S
transition as well as cause differentiation. Blocking Notch signaling is
known for reinstating NSC division in zebrafish telencephalon and my data
seems to support a similar result in hypothalamus where majority of the
cells are in a quiescent state.
This coexistence might be beneficiary in terms of function with the most active
population generating downstream progenitors to maintain tissue homeostasis, while
quiescent cells representing a more reserved population that might help prevent
exhaustion of the NSC pool. Taken together, the different proportions of different
NSCs subtypes present in the ventricles of the zebrafish hypothalamus have the
potential to modulate the rates of neurogenesis in response to the animals
physiological needs.
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Future experiments to gain a better understanding of how cell cycle parameters
differ between progenitor subpopulations in the hypothalamic ventricles
The existence of actively diving proliferative pool of neural stem/progenitor cells from
which new neurons can be generated over time is a hallmark feature of neurogenesis.
Cell cycle kinetics directly influences the neurogenic output with possible long-term
functional implications. Therefore, a better understanding of cell cycle kinetics for the
different progenitor subpopulations contained within the ventricles of the
hypothalamus would provide insights into the number of proliferative cells that each
subpopulation provides to the growth of this brain area. In order to assess whether the
difference in the number of the PCNA+/EdU+ population of different progenitors is
related to differences in cell cycle kinetics, a double thymidine labeling experiment
could provide insights into the length of cell cycle. My data help support the idea that
Hh signaling acts on Hh-responsive cells by increasing the number of transit
amplifying progenitors by speeding up their cell cycle and reducing both G1 and G2
phases. These data are also supported from previous transcriptional data in the
laboratory(not shown here) where it is shown that CyclinD1 levels, a G1-S positive
regulator, were decreased with the inhibition of the signal.

Double thymidine analog method
For each transgenic line I would use the double thymidine analog method to determine
TS for Hh-responsive, Shh-producing, Notch-responsive and Wnt-responsive cells. The
corresponding progenitor cells would be labeled in S-phase with an initial CIdU
followed by 2h later by EdU and sacrificed after 30 minutes. Cells labeled by CIdU,
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but not EdU had left the S-phase of the cell cycle. The ratio of each progenitor cell
CIdU+EdU- cells over the total number of cells in S-phase equals 2h/Ts (Hayes and
Nowakowski, 2000; Nowakowski et al., 2002). This ratio would help us determine the
average Ts. The ratio between the number of cells in S-phase and the total number of
proliferative progenitors (progenitor subtype PCNA+ cells) is proportional to the ratio
Ts/Tc (Hayes and Nowakowski, 2000). This method should indicate the size of
proliferative populations and their cell cycle characteristics might be relatively nonuniform between different progenitor populations thus leading to different
contributions in the number and neuronal cell types. I would next apply the percentage
of labeled mitoses method (Cai et al., 1997) for each of the progenitor subtypes. This
method would help measure the lengths of G2, M and G1. Larvae bathed in EdU
would be killed at different time points and immunoassayed for EdU and mitotic
marker phosphohistone (pH3). For each time point I would calculate the ratio of each
neural stem cell that is also EdU+pH3+/progenitor subtype positive pH3+ cells. I
would estimate that 30 minutes after the Wnt-responsive, Shh-producing and a subset
of Notch-responsive cells would be pH3-, indicating this cohort has not entered mitosis
due to these progenitors representing slow cycling populations. Additionally, as this
cohort transitions through G2 and enters mitosis, I would see triple-labeled cells
reaching 100% at T = TG2 + TM. I would then use a regression line a to determine TG2
and TM (Ponti et al., 2013; Lindsey et al., 2012). A second regression line b would
describe the progressive decrease in triple-labeled specific progenitor pH3+EdU+ cells
as the cohort of cells that incorporated EdU has completed mitosis and entered G1.
The minimum is reached when the last EdU labeled cell exits mitosis.
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Materials and Methods
Animals
This study was carried out in strict accordance with recommendations and in compliance
with the University of Massachusetts, Amherst, Institutional Animal Care and Use
Committee protocols and every effort was made to minimize the number of animals used.
Zebrafish were maintained as described previously (Kimmel et al., 1995). Wild type lines
used for this work were AB whereas transgenic lines used were the following:
Tg(GBS-ptch2:NLS-mCherry)umz231g (Shen et al., 2013), Tg(-2.7shha:GFP)t101g (Neumann
and Nuesslein-Volhard, 2000), TgBAC(nes:EGFP)tud1001g (Ganz et al., 2010),
Tg(TP1bglob:eGFP)um13 (Parsons et al., 2009), Tg(7xTCF-Xia.Siam:GFP)ia4(Moro et al.,
2012), TgBAC(ptch2:Kaede) (Huang et al., 2012).

Tissue Collection and Preparation
3-7 day-post-fertilization (dpf) wild type and transgenic zebrafish larvae were anesthetized
using tricane methanesulfonate, MS222, and fixed overnight in 4% paraformaldehyde
(PFA) or in 2%PFA/1% TCA (trichloroacetic acid) fixation. For whole mount experiments,
larval brains were dissected, washed 4x in PBS/0.5% TritonX (PBSTx) for 20 minutes and
processed for immunostaining. For tissue sectioning, samples were washed three times in
PBS/0.1%Tween (PBST), places in embedding media (1.5% agar, 55 sucrose), incubated in
30% sucrose solution overnight at 4C and 20um sections were cut using a LEICA CM 1950
cryostat.
Immunohistochemistry
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Whole-mount larval immunostaining was performed as in (Gunner and Karlstrom, 2007)
with a few changes. Larva that were fixed in 2%PFA/1%TCA fixation larvae, brains were
dissected, blocked in 2% NGS in 0.5% PBSTx for 2hr in room temperature and incubated
in primary antibody for 48hr at 4C. Next, the samples were washed 5x 10 min each in
0.5% PBSTx and incubated in secondary antibody for four hours at room temperature.
Lastly, samples were washed 8x 15 mins and mounted in 25% glycerol ready to be
imaged. For 3dpf anti-PCNA labeling dissected brains were incubated in 1xHistoVT One
(Nacalai Tesque) for 60 minutes at 65C as in (Than-Trong et al., 2018) For 5-7dpf antiPCNA labeling dissected brains were digested in 60ug/ml proteinaseK for 30 minutes at
room temperature before proceeding for whole mount immunohistochemistry.
Immunohistochemistry on sectioned larval tissue was performed as in (Barresi et al.,
2005). Primary antibodies used were: rabbit anti-PCNA (1:50, #FL-261, Santa Cruz,
Texas, USA), mouse anti-PCNA (1:500 Sigma, #p8825, MilliporeSigma, MA, USA),
Secondary antibodies raised in goat were used at a 1:1000 dilution.
Ethynyldeoxyuridine (EdU) labeling
3-7 day old larvae were bathed in 3.3mM EdU for 4 hours in 0.5% DMSO. Stocks
solutions were 33.3mM. EdU was detected in fixed, dissected larval brains as described
in the Click-It EdU labeling kit (Invitrogen).
5-Ethynyl-2’-deoxyuridine (EdU) / PCNA pulse chase
We administered thymidine analog 5-Ethynyl-2’-deoxyuridine (EdU) in fish water for 4hrs,
moved larvae to clean fish water for 20hours, and sacrificed them 24 hr later to assess cell
proliferation on sections.
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Image processing and measurements
Confocal images and stacks were analyzed with Fiji/ImageJ software. Proliferative cells
were counted using the multipoint tool of ImageJ. Growth/area measurements of lateral
and posterior recesses were measured by using the polygon tool on ImageJ.
Statistical Analyses
Statistical analyses were done using Prism GraphPad software. For experiments involving
two groups, treatment groups were compared using a Student’s t-test. A one-way ANOVA
with Tukey’s multiple comparison was used to determine statistical significance for
multiple comparisons. Sample size was not pre-determined by statistical methods, but was
based on similar studies in the field. For all experiments animals from the same clutch were
randomly assigned to experimental conditions prior to manipulations, with adult animals
also being chosen based on similarity in standard length at the beginning of the experiment.
Cell numbers are represented as mean  standard deviation, with statistical significance
indicated in figures as *;p ≤ 0.05, **;p < 0.01, ***;p < 0.001, ****;p < 0.0001. Exact p
values as well as source data (cell counts) can be found in the additional materials.
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CHAPTER 4
CONCLUSION AND FUTURE DIRECTIONS
Abstract
Neural stem cells are multipotent progenitors that are responsible for producing all of the
neurons an glia in the nervous system in a process called neurogenesis. The
hypothalamus is the oldest and most conserved region of the brain and houses
multipotent progenitor cells that might play a role in hypothalamic function. Yet, the
identity of the neural stem cells and the mechanisms that regulate neurogenesis in this
part of the brain remain poorly understood. Here we add Hedgehog (Hh)/Gli signaling as
a key player in regulating hypothalamic neurogenesis in both larval and adult zebrafish
and begin to elucidate the identity of hypothalamic neural stem cells by revealing
substantial heterogeneity in cell-cell signaling within the hypothalamic niche with slow
cycling Nestin-expressing cells residing among distinct and overlapping populations of
Sonic Hh (Shh)-expressing, Hh-responsive, Notch-responsive and Wnt-responsive glia.
This work identifies the hypothalamic ventricles as neur ogenic niches and
begins to elucidate the role of Hh/Gli-signaling as a key component of the complex
cell-cell signaling environment that regulates hypothalamic neurogenesis throughout
life.
Hypothalamic Neurogenesis
Neurogenesis in the central nervous system (CNS) persists throughout life and is central
to maintaining the brain’s structural and functional plasticity. Neurons and glia are
produced throughout life in the hypothalamus of mice, rats, sheep, zebrafish and possibly
even humans by neural stem cells (NSCs) residing in the ventricular zones of the
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hypothalamus (Yoo and Blackshaw, 2018; Pellegrino et al., 2018; Male et al., 2019).
Growing evidence indicated that hypothalamic neurogenesis is required for hypothalamic
function (Kokoeva et al, 2005; Lee and Blackshaw, 2012; Migaud et al., 2011; Xie and
Dorsky et al., 2017). Similar to more dorsal neurogenic zones, hypothalamic proliferation
requires highly coordinated regulation of cell proliferation and differentiation within a
discrete population of progenitors (Obernier and Alvarez-Buylla, 2019), especially since
as the organism matures most of the NSCs are quiescent and stimulating proliferation and
the production of new neurons is of important clinical significance. Cell-cell signaling
systems that regulate nervous system induction and patterning during embryogenesis
continue to play a key role in controlling adult neurogenesis throughout the brain.
These include Notch, Fibroblast Growth Factor (FGF), Wnt, Hedgehog (Hh), and
Bone Morphogenetic (BMP) signaling systems (Anand and Mondal, 2017; Kizil et al.,
2012; Obernier and Alvarez-Buylla, 2019; Petrova and Joyner, 2014). Heterogeneity
in both neural stem cell populations and in cell-cell signaling systems helps control the
range of differentiated cell types that are produced in stem cell niches (Ceci et al.,
2018; Chaker et al., 2016; Lim and Alvarez-Buylla, 2016; Marz et al., 2010).
Determining how this heterogeneity contributes to brain growth and adult neurogenesis
remains a major challenge in the field and the zebrafish is poised to provide unique
insights in the process of replenishing the brain with neurons and glia due to its highly
proliferative brain, results that are difficult to achieve in rodents because of their limited
adult neurogenesis ability.
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Neural progenitor/stem cell regulation
Dissecting the precise identity of neural stem cells is an important step to understanding their
behavior and contributions to neurogenesis. Quiescent and activated NSCs have been shown
to coexist in several organs of different model organisms (Li and Clevers, 2010). In mammals
the ventricular-subventricular zone (V-SVZ) of the forebrain is a neurogenic zone that
contains astroglial-like cells, known as B1 cells, which have morphological similarities to
embryonic radial glia and act as adult neural stem cells (Fig 4.1 A) (Obertnier and AlvarezBuylla, 2019). B1 cells may represent the small percentage of mammalian embryonic radial
glia that retain NSC potential after differentiating into astrocytes in adulthood ( Schmidt et al.,
2013). In zebrafish, radial glia persists into adulthood and continue to serve as neural stem
cells (Adolf et al., 2006; Ganz et al., 2010) and a combination of transgenic reporter zebrafish
lines along with cell markers and proliferation assays allowed us to also provide evidence of
progenitor cells that differ in their rate of division. Based on these criteria, our results highlight
the existence of several different types of progenitors in the ventricles of the hypothalamus.

In the zebrafish hypothalamus, we find that Type I cells express nestin:gfp and Sox2
while not being labeled with proliferative markers such as EdU and/or PCNA suggesting
these cells represent a quiescent subpopulation of cells similar to type B1 in mammals.
From my data, almost all Wnt-responsive cells are not proliferative. These cells might
represent a population of Type I progenitor/neural stem cells. Upon Notch signaling
manipulation, a large proportion of Type I, quiescent cells, present in the zebrafish
telencephalon can be reactivated to divide (Chapouton et al., 2010). We believe (data not
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presented here) that a similar process takes place in the zebrafish hypothalamus. (Type II
cells represent a subgroup of activated radial glia that express neural stem cell and radial
glia markers such as Sox2 and s100B (a radial glia marker) with a low percentage of
PCNA positive cells being present at this subgroup. From my work, the possible identity
of these cells might be Notch-responsive cells (23% of cells are PCNA+/EdU+) and to a
smaller number Shh-producing (12% of cells are PCNA+/EdU+) progenitors. Type III
cells co-express Sox2, PCNA, and EdU markers representing a faster cycling, transit
amplifying cells. Hh-responsive cells appear to be the predominant progenitor type in this
category.
Mammalian and teleost NSCs models (Fig 4.1) follow a similar pattern where quiescent
NSCs are activated to begin dividing and progress into a transit amplifying phase before
differentiating and giving rise to different neuronal and glial cell types. The path leading
to the formation of new hypothalamic neuronal and glial cells is orchestrated by several
signaling pathways that are important for the transition from quiescent to transit
amplifying progenitors (Fig 4.1)
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Neural Stem Cells Model in the Mammalian V-SVZ
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Obernier and Alvarez-Buylla, 2019

B Neural Stem Cells Model in the Zebrafish Hypothalamus

Figure 4.1: Comparison of neural stem cells in the mammalian and zebrafish
brain. A) Quiescent B1 cells become activated B1 cells, which then divide to
become transit amplifying C cells. C cells divide symmetrically to generate A cells,
which are migratory neuroblasts and travel along the RMS to the olfactory bulbs
(reviewed in Obernier and Alvarez-Buylla, 2019). B) Once activated, Type 1
quiescent NSCs become slow cycling Type II NSCs that divide into Type III transit
amplifying cells that give rise to neuroblasts and glioblasts (reviewed in Schmidt et
al., 2013; Chapouton et al., 2010).
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Hypothalamic ventricles as a complex niche where quiescent and actively
proliferating progenitor/neural stem cells coexist
Radial glial cells that express Nestin have been identified as neurogenic cells in the
zebrafish telencephalon (Chapouton et al., 2007; Ganz et al., 2010; Kaslin et al., 2009),
with Nestin expression a hallmark of the transition from quiescent to activated
neural stem cells in both mammals and teleosts (Chaker et al., 2016; Obernier and
Alvarez-Buylla, 2019; Wang et al.,

2011). B y first examining the relative

proliferation among Hh-responsive and Nestin-expressing radial glia in the adult
hypothalamus we observed that Nestin-expressing radial glia were largely PCNA
negative, consistent with a quiescent or slow-cycling state. On average, over 10
percent of Hh-responsive cells in the adult PR were PCNA positive. Hh-responsive
cells and nestin positive cells have different cellular distributions and proliferative
profiles indicating that these cells are largely distinct although reside adjacent to each
other in the PR niche.
We also determined the relative proliferation profiles of Hh-Responsive, ShhProducing, Notch- Responsive, and Wnt-Responsive cells in the h y p o t h a l a m i c
v e n t r i c l e s by PCNA labeling. Examining first the relative proliferation, similarly to
adults, we noticed that Nestin- expressing and Wnt-responsive radial glia were largely
PCNA negative in the hypothalamus of 7 days old larvae. These results were consistent
with other publications (Chapouton et al., 2010, Wang et al., 2012). Approximately 14%
of Shh-producing cells PCNA positive, followed by 18% of Notch-responsive cells
whereas Hh-responsive cells had the highest proliferative profiles with approximately
52%. Together these data suggest that Hh-responsive cells represent a faster cycling
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population of progenitor cells whereas Nestin-expressing and Wnt-expressing cells
represent a slow cycling or quiescent subpopulation of NSCs.
We next complemented these experiments with a 24hour pulse-chase experiment on
Tg(GBS-ptch2:mCherry)umz26Tg, Tg(shha:GFP)t10Tg, Tg(Tp1bglob:eGFP)um13, Tg(7xTCFXia.Siam:GFP)ia4 transgenic lines. We found that 60% of Hedgehog-Responsive cells in
the PR were PCNA positive compared to approximately 20% of Notch-Responsive
cells and 10% of Shh-Producing cells. We failed to identify any PCNA positive
Wnt-Responsive cells in the posterior recess (0/266 cells examined), consistent with
the low proliferation rate for these cells previously reported (Duncan et al., 2016).
These analyses also revealed the lateral recess to be highly proliferative relative to
the posterior recess, consistent with the major growth this lobe undergoes relative to
the PR during larval stages. Together, these analyses reveal striking differences in
proliferative profiles among radial glia in the posterior recess. Based on low levels of
PCNA and EdU labeling, nestin-expressing and Wnt-Responsive radial glia may
represent relatively slow cycling populations, while the Hh-responsive populations of
the PR and LR represent a much more proliferative progenitor cell population that
may account for the majority of hypothalamic growth in larvae and may represent a
Type III or transit amplifying population.
Concluding remarks
The larval and adult hypothalamus harbors populations of quiescent and active NSCs that
have significant neurogenic capacities. The hypothalamic ventricles represent a niche where
several NSC subtypes with different proliferative profiles reside, similarly to other
mammalian niches where active and quiescent radial glial-like coexist, that each could
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contribute to the process of neurogenesis in different capacities with implications in the
function of this brain area. Understanding the mechanistic basis of Hh signaling in
regulating proliferation and differentiation in this area along with a better understanding of
other cell-cell interactions present in the hypothalamic ventricles could lead to a better
understanding of the heterogeneity of hypothalamic NSCs with potential in therapeutic
innovation for human neurodegenerative diseases.
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APPENDIX A
DEVELOPMENT OF WHOLEMOUNT ANTIBODY IHC
Whole mount antibody labeling with 4% PFA:

1- Transfer your fish (from 24hpf-5dpf) into freshly made 4% PFA.
2- Keep in fix at room temperature for 1 hour per days-post-fertilization (i.e. 24hpf
stays in fix for 1 hour; 48 hpf stays in fix for 2 hours, etc).
3- After fixation transfer in PBS and then dehydrate them with the following steps.
4- Wash 3x10 min in PBTr (phosphate-buffered saline+0.5-0.8% Triton-X100).
5- Transfer to MeOH -1x5 min wash in 50% MeOH/50% PBTr and 3x5min in 100%
MeOH. Store at -20C for at least 6 hours (or up to 6 months).
6- When ready to do the immuno then rehydrate the embryos by washing for 5 mins
in 50% MeOH/50% PBTr, and wash 3 x 5 min in PBTr.
7- Dissect the embryos digest with proteinase K (10 ug/ml for 10 minutes (28 hpf);
20 minutes (48hpf); 20-40 ug/ml 72, 96 and 120 hpf, respectively for 20 minutes for 7 dpf use 60ug/ml ProK for ½ h on RT.
8- Post-fix in 4% PFA for 20 minutes at room temp on the bench (tube on its side).
9- Block for at least one hour. Make block solution fresh every time. For 1 ml of
block solution use: 100ul normal goat serum (NGS), 10ul DMSO, 0.89ml PBTr.
10- Incubate in block + primary antibody overnight at 4C (can be on shaker; the
rotating one).
11- Wash embryos for 4-6 times for at least 30 minutes in PBTr at room temperature.
If washes go longer that fine. I usually do an hour but 30 minutes works too.
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12- Incubate in block + secondary antibody for 2-4 hour on the rotating shaker at
room temperature or overnight at 4C.
13- Wash embryos for 4-6 times for at least 30 minutes in PBTr at room temperature.
If washes go longer that fine. I usually do an hour but 30 minutes works too.
14- Change PBTr into 25% glycerol and embryos/larval brains are ready to image.
Keep them in the dark

Whole mount antibody labeling with 1% TCA / 2% PFA
1. Use 2g into 100mL of ddH2O to make a 2% solution.
2. Fix fish overnight (4C) in 2% TCA or 50/50 with 4% PFA which makes the final
solution of 1%TCA/2%PFA.
3. Wash 4x with 0.5% PBSTx
4. Block in 2% NGS in 0.5% PBSTx for 2h at RT
5. Incubate in primary antibody for 1 or 2 days (better 2days) at 4C
6. Wash 5x 10 min
7. Incubate with secondary antibody in block at 4C
8. Wash for 2h with an interval of 10-15 minutes each.
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APPENDIX B
HEDGEHOG SIGNALING IS NECESSARY AND SUFFICIENT TO MEDIATE
CRANIOFACIAL PLASTICITY
Reprinted with Permission

Hedgehog signaling is necessary and sufficient to mediate craniofacial plasticity.
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Introduction/Abstract
Phenotypic plasticity is the capacity of a single genotype to produce multiple
phenotypes in response to environmental input [1]. This ability may increase fitness in
fluctuating environments, which suggests that plasticity is adaptive and therefore subject
to selection itself [2]. While sufficient levels of genetic variation have been documented
for plasticity to respond to selection, a proximate genetic basis for this trait has remained
elusive, especially in vertebrates [3]. The cichlid feeding apparatus has long been the
subject of interest to biologists owing to its prodigous evolutionary divergence [4], and
well as its high degree of phenotypic plasticity [5,6]. Notably, plastic variation in skull
morphology within cichlid species is often similar to patterns of variation between
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species [7]. This combination of morphological diversity and plasticity has led to the
assertion that the cichlid feeding apparatus represents a morphological “flexible stem”
[8]. The flexible stem theory postulates that patterns of developmental plasticity in an
ancestral population can influence the direction of adaptive radiations by exposing novel
genetic variation to selection. Implicit to this hypothesis is the existence of molecular
pathways that underlie both plasticity and evolution of key phenotypes. Identifying such
molecules would significantly advance our understanding of the mechanisms that
precipitate adaptive radiations.

Main
The cichlid feeding apparatus is a textbook example of rapid and repeated
adaptive morphological radiation, and significant effort has been dedicated to revealing
the genetic/genomic bases for jaw shape differences among cichlid species [e.g.,9,10].
Previous work from our lab has implicated ptch1, a key component of the Hedgehog (Hh)
signaling pathway, in mediating the evolutionary divergence of bony elements important
for feeding kinematics in cichlids [11,12]. In particular, genetic variation at the ptch1
locus, as well as differential expression of ptch1 mRNA, was shown to be associated with
morphological differences predicted to influence the functional trade-off between speed
and power during lower jaw rotation. In addition, ptch1 was shown to be differentially
expressed during a plastic response in larval cichlid jaws [13]. While the Hh pathway has
been shown to be mechanosensitive through its association with the primary cilia [14], it
is also required for bone formation [15]. Thus, it remains unclear whether ptch1/Hh is the
cause of plasticity in the cichlid jaw, or simply part of the transcriptional output
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associated with making more bone. Here, we resolve to distinguish between these
possibilities. Our hypothesis is that Hh signaling sensitizes key elements of the feeding
apparatus to respond, plastically, to different feeding regimes.
As a first step toward testing this hypothesis, we examined craniofacial plasticity
in three cichlid species, which vary in terms of where they lie along a conserved ecomorphological continuum. The primary axis of morphological variation among cichlid
lineages is similar to that of many other teleosts, and may be characterized as a
continuum between benthic and pelagic foraging species. Whereas prey items in the
benthos can be tough (e.g., filamentous algae) or hard (e.g., snails) and require power to
consume, prey in the pelagic zone tends to be elusive and requires speed to capture.
Anatomical configurations of species arrayed along this axis reflect a functional tradeoff
between power and speed. For instance, Labeotropheus fuelleborni (LF) are obligate
benthic foragers that scrape attached filamentous algae from the substrate using robust
and highly specialized foraging structures [16]. Maylandia zebra (MZ) are true generalist
feeders that forage by combing loose algae from rocks, as well as by suctioning plankton
from the water column [16]. They possess longer and more gracile feeding architectures
to accommodate these tasks. Tropheops sp. red cheek (TRC) feed from the benthos using
a bite-and-twist mode, but will also forage on loose material via sifting and suction
feeding [16], and exhibit feeding morphologies between those of LF and MZ [17]. We
predict that the foraging generalists, MZ and TRC, will exhibit measurable plastic
responses when reared on alternate feeding regimes. Since the ability to mount a plastic
response is predicted to come at a cost [3], we predict further that the foraging specialist,
LF, will exhibit more limited plasticity.
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We subjected all three species to alternate foraging treatments following [7,18],
whereby families were split and reared on diets that mimicked either benthic/biting or
pelagic/sucking modes of feeding (Figure 1A). While the mode of food delivery varied,
each treatment involved the same diet to ensure that nutrient content was the same
between treatments. Our phenotypic response was measured as rates of bone matrix
deposition, using fluorochromes injected at the beginning and end of foraging trails,
following [19] (Figure 1A). Fish were then sacrificed and bone deposition was measured
as the distance between fluorochrome labels. We found that MZ and TRC consistently
produced a measurable plastic response, but, surprisingly, their reaction norms were in
the opposite direction (Figure 1D-G, L, Table 1). Whereas the benthically-inclined
generalist, TRC, showed significantly higher rates of bone deposition when reared in the
benthic treatment, the more pelagic generalist, MZ, exhibited higher rates in the pelagic
treatment. This difference suggests that the feeding apparatus of TRC is more responsive
to benthic foraging, whereas the head skeleton of MZ is more responsive to suction
feeding. Consistent with our initial predictions, we also found that the obligate benthic
forager, LF, showed no difference in rates of bone deposition across treatments (Figure
1L, Table 1). Patterns and magnitudes of plasticity were highly consistent across all
bones (Table 1), suggesting a consistent, global response to alternate foraging
environment in different cichlid species. That closely related species exhibited markedly
different magnitudes and patterns of plasticity underscores the evolutionary potential for
this trait.
We next quantified ptch1 mRNA levels in the bones of the species that exhibited
craniofacial plasticity. We focused the analysis on the opercle bone series given its
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important role in fish feeding [20], as well as previous data showing that core parts of this
complex are responsive to Hh manipulation in cichlids [12]. For TRC, relatively higher
ptch1 mRNA levels were observed in animals from the benthic treatment (Benthic
mean=0.0058, CI=0.0035; Pelagic mean=0.0019, CI=0.0003), whereas in MZ greater
ptch1 expression was observed in the pelagic treatment (Benthic mean=0.0013,
CI=0.0002; Pelagic mean=0.0031, CI=0.001) (Figure S1). Thus, we show a strong
association between Hh signaling and rates of bone deposition, regardless of the specific
environmental condition in which the fish were reared.
The data presented above, as well as those published previously [13], point to an
association between craniofacial plasticity and the Hh pathway; however, they cannot
speak to whether Hh signaling is the cause or consequence of this response. To address
this question, we used transgenic lines of zebrafish in which the Hh pathway can be
activated or dampened in a time-specific manner using heat shock [21]. Our experimental
procedures followed those in cichlids, except that between fluorochrome injections fish
were heat shocked for 1.5 hours/day to activate transgene expression [21]. We found that
wild-type zebrafish (i.e., those that were heat shocked, but didn’t carry the transgene)
showed a MZ-like pattern of plasticity, with fish from the pelagic treatment depositing
more bone than their benthic counterparts (Figure 1H, I, M, Table 1). These data match
expectations since zebrafish are pelagic foragers in nature, and point to a conserved
tissue-level plastic response in distantly related fish species. Additionally, we found that
down-regulation of Hh signaling resulted in the global reduction (e.g., a flat reaction
norm) of craniofacial plasticity across all measured bones (Figure 1M, Table 1). These
results demonstrate that Hh levels are necessary for the craniofacial skeleton to mount a
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plastic response to alternate foraging behaviors. Notably, we showed further that
experimental up-regulation of Hh signaling resulted a marked gain of plasticity (e.g.,
steeper reaction norm) in the interopercle (IOP) (Figure 1J, K, M, Table 1), a craniofacial
bone that is (1) critical for fish feeding [20], (2) sensitive to Hh signaling [12], and (3)
responsible for propagating mechanical load to adjacent bone [13]. Other bones didn’t
show this gain-of-function response, and in fact plasticity was reduced in several bones
(e.g., opercle) when Hh levels were experimentally elevated. This suggests that not all
craniofacial bones respond to Hh levels in a similar manner. For some bones (i.e., IOP),
sensitivity to mechanical input appears to scale with Hh levels, whereas in others (e.g.,
opercle) the ability to mount a plastic response seems to require specific levels of Hh
signaling.
Cichlids represent a paramount example of rapid and repeated morphological
evolution, with axes of variation generally aligned along a conserved ecological
continuum between benthic and pelagic habitats [22]. These patterns, coupled with
developmental plasticity in key trophic structures, are consistent with the idea that
flexible stem evolution has shaped cichlid biodiversity. Much attention is given to the
IOP bone here and in our previous work, because of the important role it plays in fish
feeding mechanics [20,23]. Additionally, variation in this functional system is strongly
predictive of eco-morphological divergence [12,24]. Experimental manipulation of the
IOP has also been shown to propagate morphological changes to other craniofacial bones
(i.e., the RA) [13], underscoring its critical role in the functional integration of this
complex anatomical system. In cichlids, the shape of the IOP varies across ecotypes with
alternate ptch1 alleles, and is responsive to experimental manipulation of the Hh pathway
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[12]. In this study, we show that Hh signaling is both necessary and sufficient to sensitize
the IOP to alternate foraging environments. When considered as part of the larger body of
literature, these data suggest that the Hh pathway maintains the IOP as a morphological
flexible stem, thereby providing robust molecular support for a theory with deep roots in
the literature [25].

Materials & Methods
Fish Husbandry

Cichlids were raised in 10gal glass aquaria on standard flake food for four months before
families were split into diet treatments and transferred to 40gal aquaria. For detailed
methods on these treatments, see [7,18]. Briefly, food content and amount was kept
consistent across treatments; high-quality algae flaked food (purchased from Worldwide
Aquatics, Inc.) was ground and either sprinkled directly into the water column (pelagic
treatment) or mixed with a 1% food-grade agar solution and spread over lava rocks
(benthic). Zebrafish were raised in 3-liter plastic aquaria on a diet of rotifers, GM-100
(purchased from Bio-Oregon), and brine shrimp for several months before families were
split into diet treatments. All tanks included a mix of transgenic and wild-type fish; for
detailed methods on the generation, validation and heatshock protocol of Hh-transgenic
zebrafish, see [21]. We verified, via qPCR, that heatshock of these transgenic lines was
sufficient to down- and up-regulate Hh transcriptional output in craniofacial bones (i.e.,
the opercle series, Figure S2). Pelagic zebrafish received GM-300 (purchased from BioOregon) sprinkled directly into the water column while benthic fish received the same
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GM-300 mixed with a 1% food-grade agar solution spread over ceramic tiles. Both
cichlids and zebrafish were given one month to acclimate to the diet treatments before the
start of the experiment; in this time, all benthic fish were feeding readily from rocks or
tiles. Each experiment was replicated in two sets of fish; replicate experiments were
carried out at different times over the course of a year.

Experimental Design
We quantified rates of bone deposition, because this is a likely mechanism
through which fish plastically response to alternate foraging environments [19]. Fish
were anesthetized using a micro-dosage of MS-222, in cool water, during injections and
handling. Fish were injected with alizarin red at a concentration of 50 mg
fluorochrome/kg fish, and then with calcein green at a concentration of 0.5 mg/kg fish
one month later. A week following the final fluorochrome injection fish were euthanized
with a lethal dose of MS-222. During the time between injections, zebrafish were
heatshocked to 37ºC for 1.5hrs daily [21]. Sacrificed fish were stored in 95% ethanol at
4ºC, which preserved the fluorochrome signal. Fish were weighed before each injection
and at the end of the experiment. No statistical differences were noted between any
treatment group, which suggests that differential growth was not a confounding factor in
our analysis.

Imaging and Quantification of Traits
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Craniofacial bones were dissected from the head, cleaned of surrounding soft
tissue, flat-mounted on glass slides, and imaged with a Zeiss Axioplan2 fluorescent
apotome scope. Bones were imaged in triplicate using a red fluorescent filter, a green
fluorescent filter, and a DCIM brightfield view. Cichlid bones were imaged at 10x;
zebrafish at 20x. Trunk scales were flat-mounted and imaged in the same way. Bone
deposition was quantified by calculating the distance between the red and green
fluorochrome labels in each bone using Photoshop.

Statistical Methods
Bone deposition was standardized for individual growth rate using scale growth
as the basis for a linear regression [26]. Within a genotype or species, Student’s t-tests
were performed on the residuals from those regressions in order to determine significant
differences in bone deposition between diet treatments. The sample sizes/treatment, and
p-values from those t-tests are reported in Table 1. Reaction norms were generated from
those residuals by taking the average bone deposition in a given group and calculating the
95% confidence interval of bone deposition in that group.

qPCR
Quantitative PCR was used to measure the expression of ptch1 in both TRC and
MZ. Primer sequences for cichlid qPCR were: ptch1 (forward) 5’TTCTGATGCTGGCCTATGCA-3’, ptch1 (reverse) 5’CCCCTGAGACTTGGCACAGT-3’,
GTATGTGCAAGGCCGGATT-3’,

-actin (forward) 5’-actin (reverse) 5’-
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TTCTGACCCATACCCACCAT-3’ [11,13,27]. Zebrafish primers were: ptch1 (forward)
5’- GCCGCATCCCAGGCCAACAT-3’, ptch1 (reverse) 5’CGTCTCGCGAAGCCCGTTGA-3’,

-actin (forward) 5’-

CAACAGGGAAAAGATGACACAGAT-3’,

-actin (reverse) 5’-

CAGCCTGGATGGCAACGT-3’ [21,28]. Tissue was taken from the opercle series of
bones including both the opercle and interopercle. RNA was isolated from homogenized
tissues using phenol chloroform extraction, and standardized to a common concentration
prior to reverse transcription. Finally, levels of gene expression were measured using
SYBR Green chemistry (Power SYBR Green Master Mix), and relative quantification
(compared to

-actin) was analyzed using the comparative CT method [29].
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A) Schematic of the experimental design: Fish families were split and trained on alternate
benthic/pelagic diets, at time 0 (T0) both treatments were injected with a red fluorochrome
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(alizarin), at T1 a second, green (calcein) fluorochrome was injected, and at T2 animals were
sacrificed and prepared for bone imaging. B, C) µCT reconstructions of a representative cichlid
(B) and zebrafish (C) highlighting the bones that were analyzed, including the premaxilla
(yellow), maxilla (teal), mandible (pink), interopercle (blue), and opercle (dark gray). Arrows in
B-C indicate the locations of matrix deposition measurements. Black boxes indicate the anterior
portion of the interopercle shown in D-K, and quantified in L, M. Differences in bone deposition
in TRC reared in benthic versus pelagic foraging treatments are illustrated by D and E,
respectively. Examples from MZ are shown in F and G, wild-type zebrafish in H and I, and
zebrafish carrying the hsp:Shha transgene in J and K. Gray bars indicate the measurement of
matrix deposition between T0 and T1. L, M) Reaction norms showing the strength and direction
of plasticity in the interopercle for the three cichlid species (L), and the three zebrafish genotypes
(M). Symbols represent means, and error bars are 95% confidence intervals.
differences:

Bone
Interopercle - Post.
Interopercle - Ant.
Asc. Arm of the Mandible
Maxilla - 1st Wing
Maxilla - 2nd Wing
Opercle
Asc. Arm of the Premaxilla

LF
mean diff.
5.25
4.00
2.54
29.27
5.80
21.39
13.78

n
11,11
9,8
10,11
6,8
8,11
10,12
8,10

Interopercle - Post.
Interopercle - Ant.
Maxilla - 1st Wing
Maxilla - 2nd Wing
Opercle

WT
mean diff.
12.28
9.32
0.99
12.04
31.28

n
20,22
18,22
8,7
18,23
24,24

Cichlid Species
MZ
mean diff. n
86.41
12,11
48.67
12,10
43.54
12,10
33.32
12,9
76.92
12,8
130.86
12,11
8.80
11,11
ZF Genotype
Hh -mean diff. n
2.40
19,19
2.04
15,19
0.14
17,13
1.15
23,20
18.27
23,20

TRC
mean diff.
45.83
46.57
48.22
7.86
63.69
89.41
118.64

n
10,10
10,9
11,9
8,8
8,10
9,10
9,8

Hh ++
mean diff.
9.75
27.53
3.43
9.71
4.00

n
19,19
20,17
13,7
22,18
27,26

Mean differences in matrix deposition (units = residuals) between treatments are shown for
cichlid species and zebrafish genotypes. Bones names are color-coded following Fig 1. Purple
cells indicate greater deposition, on average, in the pelagic treatment. Purple shading indicates
different levels of significance, from dark to light: p<0.05, p≤0.1, p≈0.15. Green cells indicate
more deposition in the benthic treatment. Dark green cells indicate significance at p<0.05, and
light green cells are significant at p=0.06. Sample sizes for each treatment are also provided as
n=(ben,pel). Note that the magnitude of difference between treatments is high in cichlids
compared to zebrafish, except for LF. In zebrafish, the only bone/region where a significant
treatment*genotype effect was detected was the anterior region of the interopercle (F=3.684,
p=0.028), which is consistent with Hh levels underlying plasticity in this bone. This interaction
was approaching significance (F=2.732, p=0.069) for the opercle, but this was driven mainly by
mean differences being reduced in both Hh -- and Hh ++ treatments compared to WT animals.
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